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ABSTRACT In all three domains of life, organisms use nonspecific DNA-binding proteins to compact and organize the genome as well
as to regulate transcription on a global scale. Histone is the primary eukaryotic nucleoprotein, and its evolutionary roots can be traced
to the archaea. However, not all archaea use this protein as the primary DNA-packaging component, raising questions regarding the
role of histones in archaeal chromatin function. Here, quantitative phenotyping, transcriptomic, and proteomic assays were performed
on deletion and overexpression mutants of the sole histone protein of the hypersaline-adapted haloarchaeal model organism Halobac-
terium salinarum. This protein is highly conserved among all sequenced haloarchaeal species and maintains hallmark residues re-
quired for eukaryotic histone functions. Surprisingly, despite this conservation at the sequence level, unlike in other archaea or eu-
karyotes, H. salinarum histone is required to regulate cell shape but is not necessary for survival. Genome-wide expression changes in
histone deletion strains were global, significant but subtle in terms of fold change, bidirectional, and growth phase dependent. Mass
spectrometric proteomic identification of proteins from chromatin enrichments yielded levels of histone and putative nucleoid-
associated proteins similar to those of transcription factors, consistent with an open and transcriptionally active genome. Taken to-
gether, these data suggest that histone in H. salinarum plays a minor role in DNA compaction but important roles in growth-phase-
dependent gene expression and regulation of cell shape. Histone function in haloarchaea more closely resembles a regulator of gene
expression than a chromatin-organizing protein like canonical eukaryotic histone.

IMPORTANCE Histones comprise the major protein component of eukaryotic chromatin and are required for both genome pack-
aging and global regulation of expression. The current paradigm maintains that archaea whose genes encode histone also use
these proteins to package DNA. In contrast, here we demonstrate that the sole histone encoded in the genome of the salt-adapted
archaeon Halobacterium salinarum is both unessential and unlikely to be involved in DNA compaction despite conservation of
residues important for eukaryotic histones. Rather, H. salinarum histone is required for global regulation of gene expression
and cell shape. These data are consistent with the hypothesis that H. salinarum histone, strongly conserved across all other
known salt-adapted archaea, serves a novel role in gene regulation and cell shape maintenance. Given that archaea possess the
ancestral form of eukaryotic histone, this study has important implications for understanding the evolution of histone function.
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Cells of known organisms across the three domains of life compact
their genomes, since the extended length of genetic material ex-

ceeds the volume of the cell or nucleus. Eukaryotic genomes are pri-
marily packaged into nucleosome particles consisting of a histone
protein octamer and approximately 150 bp of DNA (1). Histone pro-
teins generally contain a core histone fold domain consisting of three
�-helices and an N-terminal tail. Covalent modifications of the his-
tone tail, and in some cases the histone core, change the strength of
the association of the histone octamer with DNA. Modification leads
to passive regulation of gene expression by modulating accessibility to
the basal transcriptional apparatus (2, 3). Like histones, bacterial
nucleoid-associated proteins (NAPs; e.g., HU, H-NS, and Fis) bind
DNA nonspecifically, causing compaction (4, 5). These DNA-NAP
interactions are dynamic throughout the growth curve and affect
gene expression (5, 6).

Much research on archaeal chromatin focuses on the role of his-

tones in DNA packaging. The studies that have been conducted on
archaeal histones demonstrated that proteins homologous to eukary-
otic histones H3 and H4 are found in the genomes of most Euryar-
chaea and members of the early-branching phyla Nanoarchaea, Ko-
rarchaeota, and Thaumarchaeota but only some Crenarchaea (7, 8).
Euryarchaeal histone crystal structures from Methanothermus fervi-
dus and Methanopyrus kandleri strongly resemble those of the eukary-
otic tetramer, an intermediate in nucleosome assembly (9, 10). In
vitro experiments have confirmed that archaeal histones compact
DNA into nucleosome-like particles, which form tetramers rather
than octamers (9, 11, 12). Although in vitro evidence suggests that
archaeal nucleosomes may inhibit transcription in a manner similar
to that of eukaryotic tetramers (13–15), in vivo gene expression experi-
ments have yielded variable results in different organisms (16, 17).

Several attributes of archaeal histone proteins complicate the
interpretation of their function in genome organization and gene
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expression. First, archaeal histones lack both N-terminal tails and
posttranslational modifications of the core domain (7, 18). Sec-
ond, in addition to eukaryotic-type histone proteins, most ar-
chaeal genomes encode a multitude of NAPs, including bacterial
packaging proteins such as DpsA and archaeon-specific packaging
proteins such as Alba, Sul7d, and MC1 (8). MC1, a small nonspe-
cific DNA-binding protein, is preferentially used over histone as
the principal chromatin-packaging protein in Methanosarcina
species (17, 19, 20).

According to whole-genome sequence data (21, 22), genomes
of members of the haloarchaeal clade of Euryarchaeota encode a
single histone protein. Histones from these hypersaline-adapted
organisms (and a single methanogenic species, M. kandleri [10])
contain two histone fold domains fused together with a linker
region, which has been suggested as an evolutionary intermediate
between archaeal and eukaryotic histones (7, 8, 23). The haloar-
chaeal histone protein is primarily comprised of acidic amino ac-
ids (pI, 4.4) as an adaptation to high intracellular salt (22, 24),
unlike all other histones and NAPs. For example, histone proteins
are typically among the most basic proteins in a eukaryotic cell
(the pI of Homo sapiens H3 is 11.71; that of Saccharomyces cerevi-
siae H3 is 11.90) and other archaea (M. fervidus HMfA, 9.21).

Despite these intriguing differences, the physiological function
of histone proteins in halophilic archaea remains to be investi-
gated. The few studies that have been done on haloarchaeal chro-
matin suggest nucleosome formation. Electron micrographs of
sucrose gradients from the model haloarchaeal species Halobacte-
rium salinarum have demonstrated the growth-dependent pres-
ence of two different populations of DNA: protein-bound frac-
tions with a “beads-on-a-string” appearance predominate in
stationary phase and protein-free fractions predominate in log
phase (25, 26). More recent micrococcal nuclease sequencing
(MNase-seq) experiments in Haloferax volcanii suggest regular
phasing in gene expression and protein occupancy surrounding
transcriptional start sites (27). However, the identity of proteins
causing these patterns and the physiological function of haloar-
chaeal histones remain unclear.

In order to shed light on the function of histone protein in the
haloarchaea, we constructed deletion and overexpression mutants
of hpyA (VNG0134G), encoding the sole histone of H. salinarum
NRC-1. Histone deletion and overexpression mutants are viable,
and hpyA deletion increases the growth rate in batch culture with-
out affecting susceptibility to several types of stress. Unexpectedly,
histone dosage appears to be linked to cell shape and size, a func-
tion not previously observed in the archaea. Genome-wide ex-
pression profiling in histone mutants suggests that histone has a
bifunctional, growth-phase-specific effect on transcription. Iden-
tification of proteins from sucrose-fractionated DNA yielded no
evidence to support the existence of eukaryotic-type chromatin.
Instead, proteomics and gene expression analysis support a model
in which a dynamic population of low-abundance NAPs functions
in open chromatin throughout growth. Together, our experimen-
tal results suggest that the histone protein of H. salinarum func-
tions primarily as a modulator of transcription required for wild-
type morphology and growth rate.

RESULTS
HpyA, a fused histone heterodimer, is conserved throughout
the halophilic archaea. A single histone homolog gene,
VNG0134G (hpyA), is detectable in the genome of Halobacterium

salinarum (22). The protein consists of two histone fold domains
arranged in tandem within a single open reading frame (ORF). To
determine the extent of homology with canonical histones, the
amino acid sequences for each of the N- and C-terminal domains
of HpyA were compared with well-characterized histone proteins
from Homo sapiens, Saccharomyces cerevisiae, and Methanother-
mus fervidus (Fig. 1A). Because archaeal histones lack N-terminal
tails (7), these tail domains were removed from the eukaryotic
histones prior to alignment. As expected, the HpyA amino acid
sequence resembles that of canonical eukaryotic histones (e.g., N-
and C-terminal domains are 23.6% and 27.9% identical to yeast
H3, respectively). Importantly, the majority of core residues
thought to be essential for cell viability and for the structure of the
histone fold were conserved in both domains of HpyA (Fig. 1A)
(9, 28–30). To investigate conservation of histones across the
haloarchaeal order Halobacteriales, the amino acid sequences
of histones from nearly 70 haloarchaeal genomes currently cu-
rated in the NCBI database were aligned (21) (see Text S1 in the
supplemental material). While the linker region between the
two domains is highly degenerate, the fused histone het-
erodimer conformation and essential residues are conserved
across all haloarchaeal sequences examined (Fig. 1B).

An unusual feature of haloarchaeal histones is the preponder-
ance of acidic amino acids relative to the histones of eukaryotes
and to the histones of other archaea. This acidity is approximately
evenly distributed between the two histone fold domains, al-
though the N-terminal domain is significantly more basic on av-
erage (4.62 versus 4.36, P � 0.005). In order to predict whether
this acidity could affect histone function, we projected the amino
acid sequence of HpyA onto the only other known fused histone
heterodimer crystal structure from Methanopyrus kandleri HMk
(10) and calculated the surface electrostatic potential. As a com-
parison to the eukaryotic histone dimer, S. cerevisiae H3 and H4
were also modeled onto the HMk structure (see Materials and
Methods). Surprisingly, unlike eukaryotic histones, HpyA is a
highly polarized molecule. Our model illustrates that although
HpyA is a highly acidic protein, it also contains an isolated basic
region largely consisting of arginine residues from both histone
fold domains (Fig. 1C). These analyses suggest that, despite its
clear conservation with the eukaryotic H3 protein sequence, evo-
lutionary adaptations for high salt have made fundamental struc-
tural changes that may affect the function of HpyA.

Phenotypic characterization of HpyA function in H. salina-
rum physiology. To gain insight into the function of the haloar-
chaeal histone protein, a strain deleted in frame for hpyA was
constructed (VNG0134G; �ura3 �hpyA; see Materials and Meth-
ods; strain list in Table 1). Out of 110 clones screened, three were
heterozygous (H. salinarum is highly polyploid [31]), and three
were deleted for the hpyA ORF as confirmed by PCR and Southern
blotting (Fig. 2A and B). This rate of isolation of deletion mutants
is consistent with those of known nonessential genes (32). Clonal
isolates of a single, in-frame, homozygous deletion mutant were
used in all subsequent experiments. To explore the effects of al-
tered histone dosage on cell physiology and gene expression, a
histone overexpression strain was generated in which a strong
constitutive promoter drives ectopic hpyA expression in the �ura3
parent background (�ura3/pKAD02). Histone overexpression
strains were obtained for all clones screened. To examine the phe-
notypic effects of deletion and overexpression of the histone cod-
ing gene in H. salinarum, growth and survival were measured
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under optimum and stress conditions. Unexpectedly, the histone
mutant growth rate under optimum growth conditions is signifi-
cantly higher (n � 27, P � 0.0009) than that of the parent strain
(Fig. 2C, left). In contrast, the growth rate of the �ura3/pKAD02

histone overexpression strain is not significantly different (n � 3,
P � 0.98) from that of the �ura3 strain containing the empty
vector control (Fig. 2C, right). No significant differences in sur-
vival were observed between the �ura3 �hpyA strain and the

FIG 1 Haloarchaeal species encode a single conserved histone heterodimer. (A) Alignment of histone protein sequences: the eukaryotic H3 core domains from
Homo sapiens and Saccharomyces cerevisiae, HMfA from Methanothermus fervidus, and each of two histone fold domains of H. salinarum HpyA. Residues essential
for histone function or cell viability in the Eukarya and/or Archaea are highlighted in purple. Gray bars indicate the locations of the three alpha-helical regions
that comprise the histone fold domain of the canonical eukaryotic H3. Asterisks, fully conserved residues; colons, strongly similar residues; periods, weakly
similar residues. (B) Consensus logo representing histone sequence conservation between haloarchaeal species. The linker region between histone fold domains
(yellow-shaded residues) is variable in length and sequence. Residue colors are as follows: red, acidic; black, uncharged; blue, basic. (C) Space-filling represen-
tation of the surface charge of H. salinarum HpyA and in silico fusion of the S. cerevisiae H3 to H4 dimer modeled onto the M. kandleri histone HMk crystal
structure (10). Blue indicates a positive charge, whereas red indicates a negative charge (see scale at top).

TABLE 1 Plasmids and strains used in this study

Strain or plasmid Description or genotype Purpose or description Reference or source

Plasmids
pMTFCHA Pfdx Mevr Expression vector 52
pRSK01 pNBK07::attB1,attB2, Mevr Ura� Genomic integration vector 52
pKAD01 pRSK01::�hpyA Deletion of hpyA This study
pKAD02 pMTFCHA::hpyA Overexpression of hpyA This study
pKAD03 pMTFCHA::Prpa200::hpyA Complementation of �hpyA This study

Strains
MDK407 �ura3 Parent strain, Ura� 53
KAD100 �ura3 �hpyA Histone null mutant, Ura� This study
KAD101 �ura3/pMTFCHA Ura� Mevr This study
KAD102 �ura3/pKAD02 hpyA overexpression, Ura� Mevr This study
KAD103 �ura3 �hpyA/pKAD03 �hpyA complementation, Ura� Mevr This study
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parent strain under a variety of stress conditions, including oxi-
dative stress, UV, shear stress, bacitracin, and novobiocin (see
Text S2 and Fig. S1 in the supplemental material). Taken together,
these results suggest that, although hpyA encodes the sole histone
in this organism, it is not essential.

In order to determine the morphological effects of histone de-
letion, all four strains described above were visualized using
phase-contrast microscopy during log (optical density at 600 nm
[OD600] of 0.3 to 0.5) and stationary (OD600 of �1.3) phases of
growth. As expected, the �ura3 parent strain and the �ura3/
pMTFCHA empty vector control are rod shaped regardless of
growth phase (Fig. 3). Surprisingly, histone mutant cells are pleo-
morphic: cells range from wild-type rods to triangular, circular,
and irregular forms (Fig. 3A and B). As a proxy for the measure-
ment of pleomorphism in the population, the width/length ratio
was calculated for individual cells. The histone knockout mutant
cells exhibited a significantly higher width/length ratio than did
the parent strain in both growth phases tested (log-phase mean
value for parent is 0.23; log-phase mean value for mutant is 0.40;
P � 1.3 � 10�13) (see also Table S1 in the supplemental material
for P values of t test comparisons for all strains and growth
phases), even though the parent strain exhibited a slightly in-
creased width/length ratio in stationary phase. Ectopic expression
of hpyA under the native promoter (levels 0.2-fold lower than
those of endogenous hpyA in log phase and 8-fold higher in sta-
tionary phase [see Fig. S2]) significantly complements the deletion
strain morphological phenotype (�ura3 parent versus �hpyA/
pKAD03 complemented strain, P � 5.04 � 10�2; �hpyA strain
versus complemented strain, P � 1.65 � 10�8), ruling out polar
effects on surrounding genes or second-site mutations (Fig. 3A
and B; see Materials and Methods and also Table S1). In contrast
to �ura3 �hpyA cells, �ura3/pKAD02 cells overexpressing hpyA
exhibited a dramatic increase in length in log phase (11.5 �
1.16 �m, standard error) relative to the empty vector control
(5.8 � 0.26 �m, standard error). Unlike the �ura3 �hpyA pleo-
morphic phenotype, enlargement of the �ura3/pKAD02 strain is
largely ameliorated during stationary phase (Fig. 3C and D).
Wild-type dimensions are restored in strains cured of the hpyA
overexpression plasmid (Fig. 3C and D), confirming that the ob-
served phenotypes are due to overexpression alone. Taken to-
gether, these phenotypic analyses suggest that, although histones
are not essential for cell viability, batch culture growth, or resis-
tance to the stressors tested here, they are required to regulate cell
morphology in H. salinarum.

Histone deletion results in growth-phase-specific effects on
gene expression. To investigate whether histone regulates gene
expression in H. salinarum, we compared genome-wide mRNA
expression profiles between the �ura3 parent strain and the �ura3
�hpyA strain at mid-logarithmic and stationary phases of growth.
Thirty-seven genes (1.5% of predicted ORFs in the genome) ex-
hibited significantly altered expression in logarithmic phase,
whereas 220 (6.5%) exhibited significantly altered expression in
stationary phase (Fig. 4A and B). Strikingly, only seven genes were
regulated by histone at both time points tested (see Table S2 in the

FIG 2 Histone knockout mutants are readily generated and viable. (A) PCR
validation of transformants: lanes 1, 2, and 4 are heterozygous at the hpyA
locus; lanes 3, 5, and 6 are deletion mutants; and lane 7 corresponds to the
�ura3 parent strain. Wild-type amplicon, 2.1 kb; knockout (KO), 1.7 kb. (B)
Southern blotting of restriction enzyme-digested genomic DNA using a probe
internal to the hpyA ORF confirms that knockouts are homozygous. Lanes 1, 2,
and 3 correspond to the heterozygous mutants; lanes 4 to 9 are biological
replicates used in this study; lanes 10 and 11 are independently isolated histone
deletion mutant clones; and lane 12 is a partial digest control of �ura3 parent
strain genomic DNA. Primer sequences for both screens are listed in Ta-
ble S5 in the supplemental material. WT, wild type. (C) The �ura3 �hpyA
histone deletion strain grows significantly faster than the parent �ura3 strain
(blue bars), while the �ura3/pKAD02 hpyA overexpression strain is indistin-

(Continued)

Figure Legend Continued

guishable from the �ura3/pMTFCHA empty vector control (orange bars).
Error bars represent standard deviations from the means for three biological
replicate cultures, each with three technical replicates.
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supplemental material). Expression data were corroborated using
reverse transcription quantitative PCR (RT-qPCR) (Pearson cor-
relation of microarray and PCR data � 0.78 [see Fig. S2]). In log
phase, we observed only downregulation of gene expression in the
histone mutant compared to its isogenic parent strain, suggesting
that histone activates gene expression during this phase. In con-
trast, during stationary phase the majority of significantly regu-
lated genes are repressed in the histone deletion strain relative to
the parent strain (66%), while the remainder are overexpressed.
This pattern suggests a bifunctional regulatory role for histone
during this phase with a tendency toward activation. Together,
these results suggest that histone is required for wild-type gene
expression levels and that the mechanism of its action is phase
specific.

Histone regulates genes in many processes, including ar-
chaeal cell wall (S-layer) and membrane synthesis. No signifi-
cant functional enrichment for histone-regulated genes in either
gene ontology terms or archaeal clusters of orthologous genes
(GO and arCOGs, respectively [33]) (data not shown) was de-

FIG 3 Histone dosage regulates cell shape and size. (A) �ura3 �hpyA cells are pleomorphic. Phase-contrast light microscopy images are shown for the �ura3
parent strain versus the �ura3 �hpyA histone deletion mutant and the �ura3/pMTFCHA control strain versus the �ura3 �hpyA/pKAD03 complemented strain
in log or stationary phase of growth. (B) Individual cells were fitted as ellipses, and the width/length ratio was calculated. Error bars represent the first and fourth
quartiles. For quantitation of log-phase cultures, n was �113 cells for each biological replicate sample. For stationary-phase cultures, n was �227 cells. Bar,
10 �m. (C) hpyA overexpression cells are larger than isogenic parent cells during logarithmic growth. Phase-contrast light microscopy images of the �ura3/
pMTFCHA strain versus the �ura3/pKAD02 strain (histone overexpression) at mid-log or stationary phase of growth are shown. (D) Individual cells were fitted
as ellipses, and area (length � width) was calculated. Error bars are as described for panel B. For quantitation of log-phase cultures, n was �76 cells. For
stationary-phase cultures, n was �272 cells.

FIG 4 Histone-regulated gene expression is growth phase dependent. (A)
The number of genes differentially expressed in the �ura3 �hpyA strain versus
the �ura3 parent strain is dependent on the phase of growth. (B) Of the
histone-regulated genes, only 7 are affected by histone deletion in both loga-
rithmic and stationary phases. Circles in the Venn diagram are scaled by gene
number.
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tected, suggesting that histone regulates genes in a wide range of
cellular processes. However, out of 220 genes differentially regu-
lated in stationary phase, many (3%) are putatively involved in cell
wall or membrane biogenesis. Those with experimentally charac-
terized cell wall functions in haloarchaea are repressed in the
�ura3 �hpyA strain relative to the parent strain (Table 2), suggest-
ing that these genes require HpyA for activation. Further analysis
of proteins encoded by these genes revealed strong homology to
enzymes required to glycosylate the cell surface S-layer and main-
tain cell shape in the related halophile Haloferax volcanii (34) (Ta-
ble 2). Importantly, the csg product, the major protein component
of the S-layer, is also downregulated in stationary-phase histone
deletion mutants. However, we were unable to detect significant
differences in membrane integrity or S-layer glycosylation be-
tween the histone deletion mutant and the �ura3 parent strain
(see Text S2 and Fig. S1 in the supplemental material). Together,
these results suggest that while histone is involved in regulation of
genes in many different processes, it also regulates the expression
of key components of the cell wall synthesis machinery.

Proteomics analysis of fractionated cells is consistent with
open chromatin. In order to identify the principal protein com-
ponents of chromatin in H. salinarum, chromatin was fraction-
ated via sucrose gradient ultracentrifugation. Two major peaks of
nucleic acid were detected in sucrose fractions by absorbance at
260 nm. Analysis by nuclease digestion in parallel samples re-
vealed that lower-density sucrose fractions 1 to 6 consist of RNA
(see Fig. S3 in the supplemental material), whereas mid-density
fractions 8 to 14 contain most of the DNA content and include an
additional population of heavier RNA. Protein from the DNA
fractions, as well as control protein without DNA from lighter
fractions, was isolated from mid-logarithmic and stationary-
phase samples (Fig. 5). A total of 1,256 unique proteins were iden-
tified in all samples using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (~53% total coverage of the H. salina-
rum proteome [see Table S3]). This is a highly sensitive detection
level relative to other proteomics experiments conducted thus far
for H. salinarum (35). Surprisingly, the majority of proteins de-
tected exclusively in the DNA fractions throughout growth were
putatively membrane associated (43.5%) rather than DNA asso-

ciated as expected (3.8% transcription factors and putative NAPs
[see Table S3]). Furthermore, the five putative NAPs with strong
homology to those important for chromatin function in bacteria
and other archaea (HpyA, MC1, Sph1, Sph2, and DpsA) were
present in low abundance in both DNA and control fractions
across both log and stationary growth phases: less than 0.41% of
total observed peptides was detected for each (Table 3). Histone
protein (HpyA) accounted for only 0.06% of the observed pep-
tides in any given sample. A linear model was used to determine
which proteins common to both DNA and control populations
were significantly enriched over expected frequency in the DNA
fractions (see Materials and Methods). Of those proteins enriched
in the DNA fractions, 69% of proteins enriched in log phase and
68% of proteins enriched in stationary phase are annotated as
ribosome or proteasome subunits (see Table S4). This is consis-
tent with the behavior of rapidly sedimenting large protein com-
plexes. Therefore, previous reports of rapidly sedimenting DNA in
H. salinarum lysate (26) as well as the observations made here are
unlikely to be primarily due to the presence of DNA-binding pro-
teins. Taken together, these proteomics results are consistent with
open, transcriptionally active chromatin throughout growth,
rather than chromatin compacted through the binding action of
NAP or histone.

Expression of putative haloarchaeal NAPs suggests a dy-
namic DNA landscape. Gene expression and shape changes in
histone mutants are growth phase dependent (Fig. 3 and 4), but
NAPs and histone proteins were detected in both growth phases
(Table 3; see also Table S3 in the supplemental material). We
reasoned that, because the proteomics experiment was semiquan-
titative, this difference might be due to dynamic changes in ex-
pression of NAPs throughout growth. To test this, we reanalyzed
wild-type and �ura3 strain data from previously published exper-
iments in which gene and protein expression was monitored at
several time points throughout growth in batch culture (36) and
during oxygen and growth rate perturbations in a turbidostat
(37), respectively. Clear differences in expression of the five puta-
tive NAPs discussed above (Table 3) were observed between log
growth and stationary phase (Fig. 6A). Expression of hpyA mRNA
was higher during rapid growth than slow growth. In contrast,
dpsA and mc1 expression dynamics were anticorrelated with those
of hpyA (Fig. 6A). Expression of sph1 and sph2 was modestly af-
fected by growth. Similar patterns were observed for the proteins
encoded by these genes in quantitative proteomics data (Fig. 6B).
In the histone mutant background, mc1 expression is slightly re-
pressed during stationary phase (P � 0.05; see Table S2), suggest-
ing a regulatory interrelationship between these genes. These re-
sults are consistent with the hypothesis that, although detected at
levels too low to compact chromatin, a dynamic, diverse NAP
population may be responsible for growth-phase-dependent dif-
ferential gene expression and phenotypic consequences as ob-
served for the �ura3 �hpyA strain (Fig. 3 and 4).

DISCUSSION
Unexpected phenotypic consequences of histone gene dosage
alteration suggest a unique function for haloarchaeal histones.
Genetics experiments conducted here suggest that histone is not
essential for growth but is required for maintenance of cell shape
in H. salinarum. These observations are in contrast to those from
histone mutants generated in other archaea and the eukaryotes,
which require at least one histone fold domain for viability (16, 28,

FIG 5 Sucrose gradient profiles of DNA and protein from each phase of
growth. Proteins present in low-density fractions containing RNA (light-gray-
shaded region) and higher-density fractions containing DNA (dark-gray-
shaded region) were identified by tandem mass spectrometry. Nucleic acid
profiles (black line; A260) and protein profiles (blue line; Bradford assay) rep-
resent the means from 3 to 4 biological replicate samples; the shaded area
around each line indicates the standard deviation from the mean. Fraction 25,
corresponding to unsheared lysate (26), is not shown for clarity.
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29, 38) and survival under stress conditions similar to those tested
here (17). In eukaryotes, histone protein overexpression also leads
to cell elongation; however, this is likely related to disruption of
cell division dynamics, as growth is severely perturbed in yeast
(39). Loss of natural transformation competence due to deletion
of the histone subunit HTkA in the hyperthermophilic archaeon
Thermococcus kodakarensis suggests that membrane or cell wall
integrity may be compromised (16), although the morphology of
these mutants has not been tested to our knowledge. Granted that
H. salinarum is not naturally competent, the �ura3 �hpyA strain
was still readily transformed (Fig. 3C and D) despite gross mor-
phological differences from the parent strain (Fig. 3). Deletion
mutants also maintained membrane and S-layer integrity (see
Fig. S1 in the supplemental material). Together, these phenotypic
observations point to a novel role for histone as a regulator of cell
shape in haloarchaea.

Gene expression data presented here suggest potential path-
ways linking histone, gene expression, and cell shape. Functional
analysis of genes perturbed by histone deletion suggests that HpyA
is required for wild-type expression of several genes whose prod-
ucts are putatively associated with the membrane and the cell wall.

These include transporters, S-layer (archaeal cell wall) glycosyla-
tion enzymes, and a putative phospholipase D (34) (Table 2; see
also Table S2 in the supplemental material). Some transport pro-
teins are required for maintenance of wild-type cell morphology
in Escherichia coli, albeit indirectly (40). Further, S-layer glycosyl-
ation is required to maintain cell shape in H. salinarum (41, 42).
Although the overall integrity of the S-layer of �ura3 �hpyA mu-
tants remained grossly intact (see Fig. S1), more sensitive detec-
tion methods such as mass spectrometry might be required to
detect subtle differences in glycosylation (43). Nevertheless, fu-
ture investigation into these interesting possibilities could deter-
mine mechanisms by which histone affects morphology in H. sali-
narum.

Histone as a regulator of gene expression in open chromatin.
In H. salinarum, histone and other putative NAPs appear to be
present in low abundance in both the cytosolic control and the
DNA fractions, according to the semiquantitative metric of num-
ber of peptides observed per protein (Table 3). This is in sharp
contrast to eukaryotes, where histone proteins compact the en-
tirety of the genome and are one of the most abundant proteins in
the cell. For example, in humans histones comprise ~60% of all
proteins associated with chromosomes by mass (44). In the eur-
yarchaea T. kodakarensis and Methanothermobacter thermau-
totrophicus, nucleosomes have also been shown to occupy
nucleosome-positioning motifs occurring frequently throughout
the genome. Histones may therefore also be highly abundant in
cells of these species (45, 46). In E. coli, despite the large propor-
tion of protein-free DNA, NAPs make up a significant fraction of
all cellular protein. For example, Fis proteins make up approxi-
mately 12% of all protein molecules in exponential phase (47).
“Beads-on-a-string” and rod-like DNA morphology have been
observed in naked DNA in vitro under dehydrated and high-ionic-
strength conditions (48), pointing to a possibility for nonenzy-
matic compaction of DNA in the high-salt cytosol (nearly satu-
rated K�) of H. salinarum. Therefore, HpyA and NAPs in
H. salinarum are unlikely to play a major role in the sedimentation
rate observed here or in “beads-on-a-string” structures and tran-
scription start site phasing observed previously (25–27).

Our data suggest that HpyA is required for modulating global
gene expression, acting as a repressor or an activator depending on
the growth phase (Fig. 4; see also Table S2 in the supplemental
material). Similarly, many different DNA architectural proteins
also regulate gene expression in the eukaryotic and bacterial do-
mains of life. In eukaryotes, nucleosomes inhibit transcription
nonspecifically by blocking transcription factors and the general
transcriptional machinery from accessing DNA. In vitro studies

FIG 6 Gene and protein expression of putative NAPs as a function of growth.
(A) Gene expression profiles as a function of growth phase. Normalized ex-
pression ratios for hpyA (VNG0134G), dpsA (VNG2443G), mc1 (VNG2508C),
sph1 (VNG6320C), and sph2 (VNG6173C) from wild-type NRC-1 and �ura3
strain growth data from reference 36 were binned according to optical density,
and average values within each bin for each gene (Materials and Methods)
were plotted. The blue-shaded region highlights the period of transition from
log to stationary phase. Line colors for each gene are explained in the legend.
(B) Protein expression ratios of NAPs during rapid growth (oxic conditions)
versus slow or no growth (anoxic conditions). Each protein profile corre-
sponds to the mean expression under each condition. Line colors are as in
panel A. Original data were obtained from reference 37.

TABLE 2 Histone-regulated genes associated with S-layer synthesis and glycosylation

Gene ID Annotationa GE ratiob Homologc E value

VNG0001H S-layer domain �1.17 NA NA
VNG0062G Glycosyltransferase �1.59 NA NA
VNG1048G Predicted UDP-glucose 6-dehydrogenase �1.64 aglM, HVO1531 2.00E�108
VNG1055G dTDP-glucose pyrophosphorylase �1.02 aglF, HVO1527 4.00E�108
VNG1062G Glycosyltransferase �1.23 aglI, HVO1528 3.00E�46
VNG2679G Cell surface protein �1.05 csg, HVO2072 2.00E�155
a Annotations from arCOG (33). Details of arCOG annotations for each differentially expressed gene are listed in Table S2 in the supplemental material.
b GE ratio, log2 gene expression ratio of �hpyA::�ura3 during stationary phase.
c Homolog, experimentally characterized homolog with greatest amino acid similarity to encoded proteins. HVO numbers correspond to gene identifiers in the Haloferax volcanii
genome (68). NA, no experimentally characterized homolog.
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suggest that archaeal histones from hyperthermophilic methano-
gens conform to this paradigm. However, understanding of gen-
eral trends in archaeal histone function awaits evidence from
other classes of archaeal organisms (13–15). The number of genes
affected by histone deletion in H. salinarum is similar to that ob-
served in T. kodakarensis single histone mutants (16) and Esche-
richia coli NAP mutants (5). The directions of gene expression
changes are also growth phase dependent in E. coli NAP mutants
(5, 6). In bacteria, growth-phase-dependent effects are commonly
attributed to the dynamic protein composition of the genomic
landscape (5, 49), consistent with the phase-dependent dynamics
of putative H. salinarum NAP expression observed here (Fig. 6).

However, the function of H. salinarum HpyA differs from bac-
terial and archaeal NAPs and eukaryotic histones in important
ways. The polar distribution of charges on the surface of HpyA is
more reminiscent of halophilic transcription factors (24) than ca-
nonical eukaryotic histones (Fig. 1C). Histone fold domain-
containing proteins, a structural motif conserved from archaea to
humans (18), have been shown to function as sequence-specific
transcription factors (50) regulating certain functions such as de-
velopment (51) in eukaryotes. As described above, our sucrose
fractionation proteomics data (Table 3) and the high-salt cytosol
suggest that HpyA is unlikely to compact DNA. Taken together,
our results are consistent with the hypothesis that histone in
H. salinarum does not play a significant role in genome compac-
tion but is required for the maintenance of cell morphology and
retains the ability to affect gene expression, possibly as a transcrip-
tion factor.

MATERIALS AND METHODS
Strains and growth conditions. All strains described are originally de-
rived from Halobacterium salinarum NRC-1 (ATCC 700922). All other
strains used in this study are listed in Table 1. Cultures were routinely
incubated at 42°C with agitation in complex medium (CM; 250 g · liter�1

NaCl, 20 g · liter�1 MgSO4·7H2O, 3 g · liter�1 sodium citrate, 2 g · liter�1

KCl, 10 g · liter�1 peptone). For strains generated in the �ura3 back-
ground, uracil was added to a final concentration of 50 �g · ml�1. For
strains containing the overexpression vector pMTFCHA and its deriva-
tives (Table 1), mevinolin was added to a final concentration of
1 �g · ml�1 to maintain the plasmid.

Strain construction. Plasmid pKAD01 for in-frame deletion of hpyA
was constructed by Gateway cloning (Invitrogen, Carlsbad, CA) using
PCR splicing by overhang extension (SOEing) and destination vector
pRSK01 as described in reference 52. Knockout clones were transformed
and selected in the �ura3 uracil auxotroph parent strain as described in
reference 53, and the knockout genotype was confirmed with PCR, Sanger
sequencing, and Southern blotting (Fig. 2). Overexpression vector
pKAD02, constructed as described previously (54), contains the hpyA
(VNG0134G) coding sequence driven by the strong constitutive promoter
of VNG2293G in backbone vector pMTFCHA (52). Complementation

plasmid pKAD03 was synthesized by cloning the native promoter for the
rpa-hpyA-aup operon (Prpa200 [see Text S2 in the supplemental material])
upstream of the hpyA coding sequence in pMTFCHA using Gibson as-
sembly (55). In order to cure the �ura3/pKAD02 strain of the plasmid,
triplicate cultures were grown in nonselective medium for 5 days and
subcultured prior to phenotyping. All plasmid constructs and plasmid-
bearing strains were screened using PCR and confirmed by Sanger se-
quencing. All primers used for strain construction are described in detail
in Table S5 in the supplemental material.

Southern blotting and detection. Genomic DNA was purified and
digested with the restriction enzymes BamHI and KpnI. DNA samples
were run on an 0.8% agarose gel prior to blotting on a BioRad Zeta-probe
membrane. An alkali-labile digoxigenin II (DIG-II)-dUTP probe of 86 bp
internal to hpyA was synthesized using PCR primers K51 and K52 (see
Table S5 in the supplemental material), gel purified, and prepared accord-
ing to the manufacturer’s instructions. Blots were hybridized overnight at
50°C, and chemiluminescent probe detection was performed as described
in reference 56.

Sequence and structural analyses. All amino acid sequence align-
ments were performed using Clustal Omega (57). Histone sequences from
the haloarchaea (21) were retrieved from NCBI and manually curated to
remove duplicate or spurious entries. The isoelectric points (pIs) of the
remaining 69 histone protein sequences were calculated using the se-
quence manipulation suite (58). Prior to pI analysis, N- and C-terminal
histone domains of haloarchaeal histone sequences were separated and
linker sequences were removed. Significant differences in pIs between all
N-terminal domains and all C-terminal domains were determined by t
test. The histone protein consensus sequence logo for haloarchaea
(Fig. 1B) was generated using WebLogo3.3 (59). For structural modeling,
histones H3 and H4 from S. cerevisiae were trimmed of N-terminal tails
and fused in silico using the HpyA linker region (see Text S1 in the sup-
plemental material). Modeling of yeast H3 to H4 and H. salinarum HpyA
onto the HMk scaffold from Methanopyrus kandleri (PDB identifier 1f1eA
[10]) and calculation of the surface charge distribution were performed
using SWISS-MODEL (60). Structural models were visualized with
DeepView/PDB-Viewer (61). Charge as shown in Fig. 1C was calculated
for both HpyA and yeast histones at the default dielectric constant of
80.00. Adjusting the constant to 48.4 to account for a high-salt environ-
ment (24) slightly affected the magnitude of observed charges but had no
detectable effect on charge distribution.

Growth rate measurements. Growth experiments were performed in
a high-throughput multiplate reader as follows: at least three biological
replicates, in technical triplicate, for each of �ura3 parent, �ura3 �hpyA,
�ura3 empty vector control, and hpyA overexpression strains (Fig. 2C;
Table 1) were grown to mid-exponential phase and subcultured to an
optical density at 600 nm (OD600) of 0.05 in CM with uracil. Subcultures
were grown in a multiwell plate at 42°C for 48 h under continuous shaking
(~225 rpm) in a Bioscreen C microbial growth analyzer (Growth Curves
USA, Piscataway, NJ). OD600 was automatically measured every 30 min.
Growth rate was calculated from the linear regression of the log2 optical
density during early exponential growth for each replicate. Growth rates

TABLE 3 Proportion of total peptides detected for each putative nucleoid-associated protein in DNA and control sucrose fractions

Protein
name Description

Molecular
mass (kDa)

% of peptides observed at phase:

Log Stationary

Control DNA Control DNA

HpyA Archaeal histone 16 0.06 0.02 0.03 0.02
DpsA DNA protection during starvation protein 20 0.13 0.12 0.09 0.15
MC1 Archaeal NAP 12 0.06 0.02 0.07 0.02
Sph1 Smc-like protein 71 0.13 0.41 0.20 0.24
Sph2 Smc-like protein 76 0.21 0.28 0.05 0.07
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from technical replicate cultures were averaged; the mean and standard
deviation were calculated for growth rates of biological replicate cultures.

Light microscopy. Cells were visualized at mid-logarithmic (OD600 of
0.3 to 0.5) and stationary (OD600 of �1.3) phases of growth with a Zeiss
Axio Scope A1 microscope under 100� phase contrast. Images were cap-
tured with a Pixelink PL-E421M camera. Cell counting and morphologi-
cal quantitation were performed with ImageJ and R statistical software.
Ellipses were fitted to each cell, and measurements of the area, length, and
width were collected. t tests were performed on equivalent numbers of
cells that had been randomly sampled from images of biological triplicate
cultures. Resultant P values are listed in Table S1 in the supplemental
material.

Gene expression microarrays and analysis. For �ura3 and �ura3
�hpyA strains, three biological replicate cultures were grown to mid-log
phase in CM with uracil and then subcultured to an OD600 of 0.05 for
further growth. Four-milliliter aliquots were harvested from 50-ml cul-
tures at mid-logarithmic (OD600 of 0.5) and stationary (OD600 of 1.5)
phases. Culture harvest, RNA extraction, labeling, and hybridization to
custom Agilent ORF arrays (6 probes per gene) were performed as de-
scribed in reference 62. Each sample was hybridized against H. salinarum
NRC-1 wild type grown under standard conditions (CM to OD600 of 0.4 at
37°C with 225-rpm shaking [63]). Dye swaps were performed for each
biological replicate. A total of 36 replicate data points were collected per
gene in each sample. Spot ratios were determined using Agilent feature
extraction, and all further analysis was performed in the R statistical com-
puting environment. Ratios were normalized within and between arrays
using the R package Limma (64) in a pipeline adapted from reference 62.
Resultant normalized gene expression data were subjected to Student’s
t test using the TM4 multiple experiment viewer (65). A cutoff of P � 0.05
between biological replicates of parent strain versus histone mutant was
used to designate those genes that showed significant changes in gene
expression in response to histone deletion. Ratios for genes with signifi-
cant expression changes by t test were calculated by subtracting the mean
log2 ratios of the mutant biological replicates from those of the wild type.
Resultant ratios for genes meeting the P � 0.05 significance cutoff that
were also differentially expressed 2-fold or more in the �hpyA back-
ground over the �ura3 parent yielded the final list of 250 genes (Fig. 4). As
evidenced by comparing resultant microarray ratios to those obtained by
RT-qPCR (see Fig. S2 and Table S2 in the supplemental material), the
dynamic range of array ratios was narrow, a known intrinsic feature of
microarrays. Therefore, prior to setting a 2-fold threshold for differential
expression, a correction factor derived from the linear relationship be-
tween the RT-qPCR and microarray data sets was applied to scale the
microarray data (corrected log2 array value � 3.5763 � array ratio �
0.3758).

Protein identification and analysis. Wild-type H. salinarum cultures
were harvested in log (OD600 of 0.5) or stationary (OD600 of 1.5) phase
and fractionated over a sucrose density gradient as described in reference
26, except that cultures were fixed for 30 min in 1% formaldehyde, lysates
were sheared with a needle, and ultracentrifugation was performed at
160,000 relative centrifugal force (RCF) for 5 h at 4°C. Nucleic acid con-
centration in each fraction was determined by absorbance at 260 nm, and
protein concentration was determined by the Bradford assay (66). From
each phase of growth, six samples were prepared for protein identifica-
tion: two biological replicates of DNA (fractions 8 to 13 in log phase and 9
to 14 in stationary phase [Fig. 5]) and one of cytosolic components, in-
cluding free RNA (fractions 1 to 6) as a control. Fractions for either DNA
or control samples were pooled, and protein was precipitated with 10%
trichloroacetic acid. Protein precipitates were separated via SDS-PAGE.
All proteins less than 100 kDa were excised to avoid the abundant S-layer
protein and subsequently digested with trypsin. Peptide samples were
analyzed via LC-MS/MS using a Q Exactive Plus Hybrid Quadrupole-
Orbitrap mass spectrometer (Thermo Scientific). MS/MS peptide and
protein assignments were performed using Mascot (Matrix Science, Lon-
don, United Kingdom; version 2.5.0). Details of assignment are described

in Text S2 in the supplemental material. The numbers of peptides detected
per protein from biological replicate samples in each of the DNA and
control fractions were added together prior to analysis in order to avoid
the effect of missing values. To obtain the values reported in Table 3, we
calculated the number of peptides detected for each protein relative to the
total number of peptides detected under each condition (e.g., log phase,
DNA fractions, etc.). This quantity is here referred to as “peptide propor-
tion.” Peptide proportions for each protein were normalized to predicted
protein mass (Table 3). Significant enrichment of peptide proportion in
control versus DNA fractions was calculated by determining the linear
relationship for peptide proportion of each protein between fractions us-
ing the R package robustbase (R package version 0.92-5; http://CRAN.R-
project.org/package�robustbase). Proteins with residuals for peptide
proportion at least 2 standard deviations from the mean were considered
enriched in a given sample and are reported in the text.

Comparison of NAP gene expression and quantitative proteomics
data during growth. Gene expression profiles throughout a high-
resolution time course of the H. salinarum growth curve (Fig. 6) (36) were
retrieved from the GEO database (GSE14976). Normalized data points
from the NRC-1 and �ura3 strains were binned into equal intervals from
OD600s of 0.1 to 1.4, where each interval contains at least 2 measurements.
Averages of optical densities and expression values from each bin were
plotted. For analysis of NAP expression profiles, available quantitative
iTRAQ proteomics data were analyzed from H. salinarum cultures ex-
posed to slow-growth conditions (low oxygen) versus rapid-growth con-
ditions (high oxygen) in a turbidostat over time (37). Protein level values
from high-oxygen conditions were averaged to yield rapid-growth value,
whereas values from low-oxygen conditions were averaged to yield slow-
growth values (Fig. 6B). We focused on five genes encoding putative NAPs
within these data sets: mc1 (VNG2508C), the bacterial-type NAP dpsA
(VNG2443G), histone (hypA), and two genes encoding homologs to the
universally conserved DNA cohesion and condensation protein Smc1,
sph1 (VNG6320C) and sph2 (VNG6173C).

Microarray data accession number. All raw and normalized microar-
ray data have been deposited in NCBI’s Gene Expression Omnibus (67)
and are accessible through GEO Series accession number GSE54599.
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