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CHAPTER 1

Introduction

This chapter is based on:

Bram Henneman & Remus T. Dame, (2015) Archaeal histones: dynamic and
versatile genome architects. AIMS Microbiology. doi: 10.3934/microbiol.2015.1.72

and
Bram Henneman, Clara van Emmerik, Hugo van Ingen & Remus T. Dame, (2018)
Structure and function of archaeal histones. PLoS Genetics. doi: 10.1371/journal.

pgen.1007582
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Chapter 1

Organisms from the domain archaea - one of the three domains of life - share
similarities with both bacteria and eukaryotes (1). Genomic comparisons demon-
strate that bacteria and archaea share a common ancestor; eukaryotes are to
date classified as being part of the archaeal branch (2-4). The archaeal domain
comprises single-cellular organisms found in diverse habitats. Although archaea
and bacteria have common features, such as a circular genome and the absence
of a nucleus, at the genetic level archaea seem to be more related to eukaryotes.
Amongst others, archaeal RNA polymerase, a key component of cellular life in all
domains, is more similar to RNA polymerase from eukaryotes than bacterial RNA
polymerase (5, 6). Archaeal ribosomes share their size and structural core with
bacterial ribosomes, but are more similar to eukaryotic ribosomes when it comes
to protein and rRNA sequence and some specific domains (7-9). Also, some cellu-
lar processes thought to be unique to eukaryotes, such as endosomal sorting and
the ubiquitin system, have been identified in some archaea (10).

Chromatin proteins are found in every domain of life. Bacteria express DNA
bending and DNA bridging proteins, such as HU and H-NS, to structure and
functionally organize the genome and to regulate genome activity (11, 12). In
eukaryotes and most archaeal lineages, histones are responsible for packaging
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and compaction of the DNA. Histones act together with other chromatin pro-
teins, such as linker histones and histone variants in eukaryotes, Alba, MC1 and
Sso10a in archaea, and SMC in both domains (13). These proteins jointly shape
the genome, which has an effect on transcription regulation and has a role in
response to environmental cues.

This thesis focuses on the histones of archaea and the roles that they have in
chromatin architecture and transcription regulation. In this chapter, I will exten-
sively introduce archaea as a domain of life, discussing their habitats and their
metabolism. Next, I will discuss their genomic features and evolutionary rela-
tions to each other, as well as their mechanisms of transcription regulation. In
CHAPTERS 2-6 I will further describe the evolution of histones and molecular
mechanisms of genome compaction by histones.

Archaea as a domain of life
Evolution and the tree of life

Archaea were identified as a domain that is separate from bacteria by Carl Woese
and George Fox (14). They proposed a three-domain model, in which bacteria,
archaea and eukaryotes are monophyletic groups sharing a common ancestor
(15). As the availability of information on phylogenetic and genomic features of
archaea grew, the model was changed to a two-domain model, in which eukar-
yotes are a sister group of a phylum that is now known as Crenarchaeota (16).
Together with Euryarchaeota, these phyla were the only known archaeal phyla
for a long time. This changed with the discovery of Thaumarchaeota, Candidatus
(Ca.) Aigarchaeota and Ca. Korarchaeota (17-19), which together form the TACK
superphylum (an acronym of Thaumarchaeota, Aigarchaeota, Crenarchaeota and
Korarchaeota). At that point, eukaryotes were hypothesized to branch from the
TACK superphylum. Later, metagenomic sequencing boosted the discovery of
new archaeal species and phyla. This resulted in the discovery of the DPANN
superphylum (an acronym of Diapherotrites, Parvarchaeota, Aenigmarchaeota,
Nanoarchaeota and Nanohaloarchaeota), and most recently the Asgard superphy-
lum, which revealed that eukaryotes are most closely related to extant members of
Asgard archaea. Recent additions to the archaeal branch of the tree of life include
the plyla Ca. Heimdallarchaeota, Ca. Odinarchaeota, Ca. Thorarchaeota and Ca.
Lokiarchaeota (belonging to Asgard archaea) (20, 21), Ca. Huberarchaeota, Ca.
Micrarchaeota, Ca. Pacearchaeota, Ca. Woesearchaeota and Ca. Mamarchaeota
(belonging to DPANN) (22-27), Ca. Bathyarchaeota, Ca. Geothermarchaeota (also
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Eukarya

TACK

Asgard archaea
DPANN

Euryarchaeota
Bacteria

Figure 1.1: Cartoon of the tree of life, with emphasis on archaea. The tree is rooted at the last
universal common ancestor (LUCA), and shows the two domains: bacteria and archaea/eukarya.
The archaeal superphyla Asgard archaea, TACK and DPANN, and the phylum Euryarchaeota, to-
gether represent all archaeal genomes that are known to date. Modified from: Eme et al. Nat.
Rev. Microbiol. 2017 (47).

referred to as Ca. Geoarchaeota), Ca. Verstraetearchaeota and Ca. Marsarchaeota
(belonging to TACK) (28-31), and the classes Methanonatronarchaeia,
Theoinarchaea and Hadesarchaea (belonging to Euryarchaeota) (32-34) (FIGURE
1.1). Most of the more recently discovered archaeal phyla have the Candidatus
status, since their existence is thus far solely based on metagenomic sequencing,
and they are categorized based on their 16S ribosomal RNA sequence. For now,
only phyla with at least one member strain maintained in microbiological culture
get a definitive phylum name (35-37). Also, the categorization of archaeal phyla
is not set in stone, as new sequencing data and insights into archaeal evolution
may change the layout of the archaeal tree of life. Especially the categorization
of DPANN is subject to discussion (38). While most studies regard DPANN as a
separate and deep-branching superphylum within archaea (39-44), others suggest
that some or all DPANN lineages are part of Euryarchaeota, and that their catego-
rization as part of the DPANN superphylum is an artifact (45). Also the position
of Ca. Lokiarchaeota has been challenged (46).



Introduction

The study of archaeal evolution is the key to understanding eukaryogenesis, the
evolutionary events that have led to the emergence of eukaryotes from prokar-
yotes. Eukaryogenesis is best understood by identifying the first eukaryotic
common ancestor (FECA) and the last eukaryotic common ancestor (LECA) (47).
FECA can be defined as the archaeon that is the oldest ancestor of all eukaryotes
that are living today. LECA is the organism of which all now-living eukaryotes are
descendants. Although all present-day eukaryotes are descendants of both FECA
and LECA, not all descendants of FECA and LECA are living today, and FECA
may have had archaeal descendants that have gone extinct. FECA and LECA are
phylogenetic entities, identified as nodes in the tree of life (47). The discovery of
more archaea that are closely related to eukaryotes and deep-branching eukar-
yotes can add branches to the tree of life, and as a result, FECA and LECA can
move closer together. The narrowing of the gap between FECA and LECA pro-
vides us with information about when and how the first eukaryote emerged. Also,
it sheds light on the order in which eukaryotic characteristics, such as nucleus and
mitochondria, first appeared in the evolutionary predecessors of eukaryotes. It is
therefore important to identify common eukaryotic features, in order to deter-
mine the cellular processes of LECA. It has been established that LECA lived 1 to
1.9 billion years ago and had a nucleus containing linear chromosomes, encoding
genes with introns (48-50). Histones played a role in the transcription regulation
system, together with an RNAIi system and small non-coding RNAs (48, 51). Cell
motility machinery involving an actin- and tubulin-based cytoskeleton and motor
proteins was present in LECA, just like mitochondria that allow for aerobic respi-
ration (48). The mitochondria were descendants from alphaproteobacteria, which
have once been engulfed by an ancestor of LECA, as described by the endosym-
biotic theory (52, 53). The membrane of LECA was composed of phospholipids
made of fatty acids and sn-glycerol-3-phosphate (G3P), just like present-day
eukaryotes and bacteria (54). In contrast, archaeal membranes consist of phos-
pholipids based on isoprenoids and sn-glycerol-1-phosphate (G1P). This Tlipid
divide’ was initially used as an argument for the three-domain theory, but it does
not rule out the existence of archaea with a G3P-based membrane. It has been
suggested that some archaea, including the Asgard archaea member phylum Ca.
Lokiarchaeota, may have the ability to produce eukaryotic-like membranes, based
on the presence of genes coding for enzymes involved in the metabolism of G3P
and fatty acids (55-57). However, this has not been confirmed experimentally.

Like the composition of the membrane, other features of LECA may have been
inherited from FECA and its ancestors. Of the estimated 4000 genes of LECA,
550-1100 genes are hypothesized to be of prokaryotic descendance; 18-37% of
those genes have their origin in archaea. This does not seem like a large propor-
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tion, although it should be noted that also some archaeal genes are of bacterial
origin. Furthermore, the recent discovery of new phyla belonging to TACK and
Asgard archaea has revealed that some components of processes thought to occur
exclusively in eukaryotes, are also present in some archaea (47). Most Asgard
archaea contain some, if not all, components of the eukaryotic trafficking and
membrane remodeling machinery (including ESCRT-machinery), cytoskeleton,
oligosaccharyl-transferase system and ubiquitin system, as well as some informa-
tional proteins and eukaryotic-like ribosomal proteins (21). Fluorescence in situ
hybridization and catalyzed reporter deposition (CARD-FISH) experiments have
shown that Ca. Lokiarchaeota cells occur in a wide spectrum of shapes and sizes,
which probably reflects the expression of cytoskeletal and membrane remodeling
proteins (58). Toalesser extent, the ribosomal, ubiquitin-related, trafficking-related
and informational proteins were also identified in Ca. Verstraetearchaeota,
Crenarchaeota, Ca. Korarchaeota, Ca. Bathyarchaeota and Thaumarchaeota (47,
59-62). This suggests that FECA likely contained the before-mentioned ‘eukar-
yotic’ components, and may have passed these on to its eukaryotic descendants.

Habitats and metabolism

Archaea were initially known as organisms that live at - from a human perspec-
tive - extreme conditions, such as hot springs, hydrothermal vents, hypersaline
lakes and highly acidic water. Later, archaea were also found in oceans, soil and
intestines of humans and cattle. Now, archaea are considered to inhabit nearly
every possible habitat on earth, from permafrost to sewage and from ocean
floors to goldmines (63). Furthermore, archaea occupy a large array of niches
on or in the human body (64). The role of archaea in the human microbiome
has largely been undiscovered, although knowledge of archaeal presence on or
in humans is rapidly expanding. Recently, Ca. Woesearchaeota species were
found in human lungs, Thaumarchaeota members were found on skin, and
Crenarchaetoa and Euryarchaeota were found in intestines (65, 66). Surprisingly,
to date, no real archaeal pathogens have been identified, but it was suggested that
Methanobrevibacter oralis may be involved in periodontitis and brain abscesses
(67, 68). Archaea are also suspected to be involved in inflammatory bowel dis-
eases (69). Additionally, in their capacity of improving the microbiome, the role
of archaea as probiotics is investigated, and archaea may help against trimethyl-
aminuria and cardiovascular diseases (70). Other animals also live in symbiosis
with archaea, as has been shown in studies on farmhouse animals, nonhuman pri-
mates, macropodidae, birds, reptiles, arthropods and sponges (66). Methanogens
account for the vast majority of archaea in animal gastrointernal tracts, with
Methanobrevibacter, Methanobacterium and Methanosphaera (all Euryarchaeota)
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as main contributing families.

Archaea not only live in symbiosis with eukaryotes, some are co-dependent on
otherarchaea. A well-studied example is Nanoarchaeum equitans (Nanoarchaeota),
which can only be grown in co-culture with Ignicoccus hospitalis (Crenarchaeota)
(71, 72). These organisms may exchange membrane lipids, amino acids and
enzymes involved in several metabolic pathways (71, 72).

Archaea play an important role in biogeochemical cycles together with other
life forms. Via their unique and highly variable metabolic pathways, they recycle
carbon, nitrogen and sulfur, as well as other elements (73). Euryarchaeota,
Crenarchaeota and Thaumarchaeota are relatively well characterized in terms of
metabolism, as they can be cultured. In other phyla, some information about their
metabolic pathways can be deduced from the enzymes that their genomes encode.
Archaea are an important contributor to production and consumption of green-
house gases such as carbon dioxide and methane (73). Significant amounts of
methane are known to be produced by oceanic archaea (including archaea living
inside oceanic plankton) and archaea living inside cattle. Most Euryarchaeota are
anaerobic and autotrophic, producing organic compounds from carbon dioxide
and bicarbonate (74). Also, some Crenarchaeota and Thaumarchaeota are auto-
trophs. Mixotrophic organisms can be found in the phyla Crenarchaeota and
Euryarchaeota (73). Chemoorganotrophic archaea reduce organic compounds to
carbon dioxide or partially oxidized compounds such as organic acids and alco-
hols. These types of archaea are identified as Euryarchaeota and Crenarchaeota.
Nanohaloarchaeota, Ca. Korarchaeota, Ca. Geoarchaeota, Ca. Aigarchaeota,
Ca. Micrarchaeota, Ca. Parvarchaeota and Ca. Marsarchaeota can likely also be
regarded as chemoautotrophs, and can be anaerobic or (facultatively) aerobic (30,
73, 75). Phototrophic organotrophs, which get their energy from sunlight, have
also been identified (76).

A large group of euryarchaeal species are methanogenic, producing methane with
hydrogen gas as electron donor and carbon dioxide as electron acceptor (77).
The reverse process, methane oxidation, is done by the anaerobic methanotrophs
(ANME) group of Euryarchaeota (78, 79). ANME usually use sulfate as electron
acceptor, but some use nitrite or iron- or manganese-containing compounds
instead (80). Some archaea are thereby also coupled to biogeochemical cycles of
metals.

Archaea are mainly involved in the nitrogen cycle via the oxidation of nitrate,
ammonia or nitrogen-containing organic compounds to nitrite (81). However,
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in the absence of those compounds, some anaerobic methane-oxidizing
Euryarchaeota can use nitrogen gas as an electron donor (82). Denitrification,
the reverse process (nitrite or nitrate to nitrogen gas), can also be done by some
archaea (83). Few examples of archaea capable of producing nitrous oxide are
currently known (84).

Some Crenarchaeota and Euryarchaeota contribute to the sulfur cycle via
sulfidogenesis: the anaerobic production of hydrogen sulfide (85). A number of
sulfur-containing compounds are used as electron acceptors, most notably ele-
mentary sulfur, sulfite, thiosulfate and sulfate. Sulfur oxidation, in which the
sulfur compound is the electron donor, is observed in some crenarchaeal and
euryarchaeal species, which use the iron-containing compounds pyrite, marcasite
and chalcopyrite (86).

Transcription regulation in archaea

Like in any organism, archaea regulate transcription in order to adapt to their
environment. The archaeal transcription machinery contains some elements that
resemble eukaryotic transcription machinery, while other elements are more
similar to their bacterial counterparts. Organisms from all domains express RNA
polymerase (RNAP), a well-conserved and multi-subunit enzyme responsible for
transcribing DNA into mRNA (87). The structure of archaeal RNAP resembles
that of eukaryotic RNAPII, with most of the 13 subunits matching. Also, the ini-
tiation- and elongation-related stalk domain, absent in bacterial RNAP, is present
in archaecal RNAP and resembles that of eukaryotes (88, 89). Transcription
occurs in three stages: initiation, elongation and termination, together forming
the transcription cycle. All three stages are regulated, although to date, the most
information regarding transcription regulation is available on transcription ini-
tiation (88, 90). It should be noted that for historic reasons, almost all research
regarding archaeal transcription regulation has been done on organisms belong-
ing to Euryarchaeota and Crenarchaeota, which are also the easiest classes to
cultivate. Although homologs of transcription machinery elements are present
in genomes belonging to DPANN and Asgard archaea, the exact transcription
mechanisms in these superphyla have yet to be unveiled.

Basal transcription regulation

On a basal level, archaeal regulation of transcription initiation is similar to its
eukaryotic equivalent (90-92). Two DNA elements are required for transcription
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Initiation Elongation Termination

TermFac

Activator Repressor
binding site binding site

Figure 1.2: The archaeal transcription cycle. At the initiation stage, TATA-binding protein
(TBP) binds the TATA-box (TATA), and is stabilized by transcription factor B (TFB) that binds to the
B recognition element (BRE) and to TBP. This complex, situated just upstream of the transcrip-
tion start site (TSS), recruits RNA polymerase (RNAP), which melts the DNA, forming the open
complex. Open complex formation is sometimes assisted by transcription factor E (TFEa), which
leaves during early elongation. Transcription factors with a repressive or activatory role can bind
the promotor region at or (far) upstream of the initiation-related DNA elements, respectively.
During elongation, elongation factors Spt4 and Spt5 stabilize the clamp domain of RNAP, there-
by preventing dissociation of the elongation complex. Transcription is likely terminated by ter-
mination factors (TermFac) or by intrinsic termination due to weak base pairing at dedicated
DNA sequences (not shown). RNAP dissociates from the DNA and can start a new transcription
cycle. DNA elements are written in italics.

initiation: the TATA-box and the B recognition element (BRE). Both are located
within the first 50 bp upstream of the transcription start site (TSS), in the promoter
region (FIGURE 1.2). These elements require binding of general transcription
factors (GTFs) in order to start transcription (90, 91). TATA-binding protein
(TBP) binds to the TATA-box, and Transcription factor B (TFB) binds to the BRE
and to TBP, thereby stabilizing the TBP-TATA complex (93). The assembly of TBP
and TFB on DNA in the preinitiation complex (PIC) is a prerequisite for RNAP
recruitment. Unlike eukaryotic transcription initiation, no energy is required by
the PIC to separate DNA strands and form a transcription bubble (94). However,
the non-essential GTF transcription factor E (TFEa) assists promoter opening
by inducing the opening of the RNAP clamp (95, 96). Additionally, the promoter
proximal DNA element (PPE), situated just downstream of the TSS, stabilizes
TFB binding at weak promoters, and is able to provide additional promoter selec-
tivity. Also, the initiator element (Inr) can increase the strength of the promoter,
and in some cases it is bound by transcription activators. Both PPE and Inr are not
essential for transcription initiation.

Not much is known about elongation regulation in archaea. The universally con-
served protein Spt5 (also called Spt5 in eukaryotes; NusG in bacteria) with its
conserved binding partner Spt4, and transcription factor S (TES) are the only
elongation factors that have been identified (97). TFS was hypothesized to be
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the main elongation factor, with Spt4/5 as a secondary factor (98). TFS enhances
RNAP’s endonucleolytic cleavage activity, which allows removal of stalled elon-
gation complexes, thereby making way for other elongation complexes. Spt4/5
replaces the GTFs at promoter escape or during early elongation and enhances
processivity (99, 100). Also, Spt4/5 closes the clamp domain of RNAP, presumably
resulting in a more stable elongation complex, which reduces dissociation from
the DNA (95). In addition, both TFS and Spt4/5 allow for faster processivity of
RNAP through histone-induced barriers (98). The interplay between elongation
factors and histones provides a possible mechanism of transcription regulation.

Besides early transcription termination facilitated by elongation factors, regular
transcription termination is regulated via DNA elements and likely also via termi-
nation factors. Intrinsic termination occurs when base pairing between the DNA
template and the mRNA becomes too weak. Similar to eukaryotes, the main cue
for archaeal intrinsic termination is a series of adenines, which results in a poly-U
tract in the mRNA (101, 102). Subsequent destabilization of the RNA-DNA
hybrid results in transcription termination. In some cases however, a stem-loop
structure helps termination, like in bacteria (103). Not much is known about
factor-mediated termination, because homologs of bacterial and eukaryotic ter-
mination factors have never been identified (90). Eta (euryarchaeal termination
activity) from Thermococcus kodakarensis is the only known termination factor to
date in archaea (104). Eta is conserved in most archaeal lineages, and therefore it
may be functional as a transcription terminator throughout the domain.

Advanced transcription regulation

On a more advanced level, transcription is regulated by transcription factors (TFs),
which, in addition to GTFs, are necessary for transcription initiation at specific
genes and operons. These TFs resemble their bacterial counterparts (105). TFs
function as activators or repressors, and together with the GTFs, they promote
or block transcription initiation (106). The promotive or repressive function of a
TF can be deduced from the position of their binding site: if it overlaps the BRE,
TATA-box or TSS, it likely prevents PIC formation (91, 93). In case a TF’s binding
position is located more upstream of the BRE, it may recruit RNAP, TBP or
TFB, resulting in transcription activation (FIGURE 1.2). However, more complex
mechanisms of transcription regulation have also been found, which involve for
example autoactivation and autorepression by the same TFE, complex formation
by repressors in order to block RNAP recruitment, and activation of alternative
TSSs within the coding region (107-109). Many TFs are able to respond to envi-
ronmental cues by binding ligands, such as sugars or amino acids (105). Ligand
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binding subsequently enhances or decreases DNA binding affinity of TFs, allow-
ing them to bind to or dissociate from repressor- or activator binding sequences.
Some TFs are able to bind a large set of ligands, thereby gaining or losing affinity
to defined promoters, while others bind only one ligand and operate more binary
(110, 111). When groups of genes related to one physiological trait need to be
activated or silenced, this is in general done by one TFE, controlling the so-called
regulon. Regulon-related TFs are almost always bifunctional, which allows
them to promote one set of genes while repressing another set with an opposite
physiological effect (91).

Like in bacteria, there are a few master regulators that control a large group of
genes. All TFs and genes that have a transcriptional relation, operate in a gene
regulatory network (GRN). In these networks, paralogs of GTFs play an important
role. More than 70% of all archaeal genomes contain at least two genes encoding
the same GTF: TBP or TFB (112). Specific combinations of GTF paralogs promote
transcription of defined genes (113). Combining TBP and TFB paralogs results in
a number of possible combinations that is equal to the product of the number
of paralogs. This allows archaea to use some combinations for standard growth
conditions, whereas other combinations may specifically be used during stress.
Also, some promoters have unique GFT paralog combinations. In addition, also
TFE has different paralogs in some species. Especially the genomes of the phylum
Thaumarchaeota and the euryarchaeal class Halobacteria encode a large number
of GTF paralogs (91).

Transcription regulation via chromatin architecture

Archaea have more options when it comes to gene regulation. Small RNAs (sRNA)
are highly abundant and play a role in GRNs (114). sSRNAs have been studied in
Euryarchaeota, Crenarchaeota and Nanoarchaeota. Also, the covalent modifica-
tion of proteins by small archaeal modifier proteins (SAMPs), a process known as
SAMPylation, can be regarded as regulatory mechanism (115). Like ubiquitina-
tion in eukaryotes, SAMPylation targets proteins for degradation. Furthermore,
post-translational modification (PTM) of proteins by adding or removing func-
tional group can alter a protein’s function. Another important regulatory factor is
the modulation of chromatin architecture. Archaea express nucleoid-associated
proteins (NAPs) and histones (together called chromatin proteins) that are able
to change chromatin formation by bending, wrapping or bridging DNA (13, 116).
Modulating genome architecture can result in activation or repression of genes
and operons (117). For example, changes in chromatin conformation may result
in blockage of the promoter region or inhibition of the transcription elongation
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complex. In contrast, certain chromatin protein-induced DNA conformations
may allow DNA-bound activators to facilitate RNAP recruitment, leading to
transcription initiation. Some chromatin proteins are highly conserved among
archaea, while others are unique to one or a few phyla or classes. Chromatin pro-
teins are highly abundant and usually do not bind at specific DNA sequences (116).
Therefore, they may affect transcription regulation globally, which would resem-
ble transcription regulation via chromatin conformation in bacteria. However,
structural data on archaeal genome architecture in vivo and its dynamics is mostly
lacking.

A widespread NAP, encoded in a subset of genomes from all archaeal superphyla,
is Alba (acetylation lowers binding affinity). Alba is able to bridge two DNA
duplexes. Depending on the presence of a phenylalanine at position 60 (present in
the variant Albal, but absent in Alba2), Alba is able to form filaments along DNA
via dimer-dimer interactions along the DNA (118). DNA binding by Alba can
be modulated by trimethylation of the lysine at position 16, which lowers DNA-
binding affinity (119, 120). In bridging mode, Alba may facilitate loop formation.
In bacteria, loop formation by H-NS functionally organizes the genome, and in
archaea, Alba may have a similar role (121). Its lateral filament mode may repress
transcription via binding across promoter regions. Also, bridging by H-NS is able
to cause repression of transcription, which is arguably the favored model for the
involvement of H-NS in transcription regulation, as bridging can be modulated
(122, 123).

In the TACK-phylum Crenarchaeota, many NAPs are expressed, such as Sul7,
Cren7,CC1,Ssol0aand Sso7c(124). Cren7is best conserved within Crenarchaeota,
whereas Ssol0a can also be found in some classes of Euryarchaeota. The abun-
dance of different NAPs in Crenarchaeota may be related to the absence of genes
encoding histones in most genomes of the phylum. Cren7, Sul7, and likely also
Sso7c, organize chromatin by DNA bending, whereas Ssol0a has bending,
bridging and lateral filament modes (125-127). The role of CC1 in chromatin
architecture has yet to be elucidated (128).

Methanogen chromosomal protein 1 (MC1) is another NAP that is presumably
involved in functional organization of the archaeal genome. MC1 induces sharp
kinks into the DNA (129). It is encoded by genomes in the euryarchaeal classes
Halobacteria, Methanomicrobia and Hadesarchaea, and by the genome of the
DPANN-phylum Altiarchaeota.

Homologues of bacterial NAPs were identified in some archaea. Dps (DNA-
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binding protein from starved cells), which protects DNA during oxidative stress
by condensing chromatin in rosette-like structures, can be found in some species
belonging to Euryarchaeota and Thaumarchaeota (130-132). Also, some genomes
spread across the archaeal tree of life encode homologs of the bacterial DNA
bender HU (133). It seems likely that these proteins have been acquired via hori-
zontal gene transfer.

The most conserved protein related to chromatin architecture, however, is the
histone. It has been found in almost every phylum of archaea (see also CHAPTER 2
of this thesis), and is believed to be a major contributor to DNA conformation
on a local and global level (134). The archaeal histone resembles the well-studied
eukaryotic histone in both sequence and in structure of the histone fold, the core
of the histone monomer. However, there are also some clear differences between
histones from eukaryotes and archaea. For a better understanding of these differ-
ences, | introduce the eukaryotic histone first, before comprehensively discussing
the archaeal histone.

The eukaryotic histone

In eukaryotes, octameric histone cores compact DNA by wrapping an approx-
imately 150 bp unit twice around its surface, forming a nucleosome (135, 136).
Nucleosomes interact with each other, yielding an additional level of DNA organ-
ization in the form of a fiber. Besides a role in compaction, histones also play
roles in genome organization, DNA replication, DNA repair and gene expres-

? A The eukaryotic histone B The archaeal histone

Figure 1.3: Eukaryotic and archaeal histones. A) Eukaryotic nucleosome consisting of DNA
wrapped around a core of a (H3-H4)2 tetramer and two H2A-H2B dimers. Zoom-in of the black
box shows a H3-H4 histone dimer. Yellow: H2A; red: H2B; blue: H3; green: H4. B) Archaeal histone
homodimer of HMfB.
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sion, which highlights the nucleosome as a very important complex affecting
a vast array of cellular processes. Characteristic of core histone proteins is a
common ‘histone fold’: two short and one long a-helix, separated by loops (137-
141). In eukaryotes, the histone core consists of two H2A-H2B dimers and a
H3-H4 tetramer, around which ~146 bp of DNA is wrapped 1.65 times (FIGURE
1.3A). It has been suggested that smaller histone assemblies, such as tetrasomes
(H3-H4 tetramers), hexasomes (H3-H4 tetramers plus one H2A/H2B dimer) and
hemisomes (a H3-H4 dimer plus one H2A/H2B dimer), have functional roles
as intermediate structures during for example transcription elongation (142-
145). The linker histone H1 (which lacks the characteristic histone fold) binds
at the entry and exit points of the DNA wrapped around the octameric histone
core (146, 147). The association of histone H1 constrains an additional 20 bp of
DNA and helps formation of the 30-nm fiber, which results in tighter compaction
(148, 149). Also, flexible N-terminal tails that protrude from eukaryotic histones
contribute to a tighter DNA packaging. These tails may interact with either the
DNA or the histone surface of another nucleosome, which facilitates close asso-
ciation of nucleosomes (150-152). Furthermore, post-translational modifications
of amino acid residues in the N-terminal tails, such as acetylation, methylation,
phosphorylation, ubiquitination and biotinylation, are a key instrument for the
cell to regulate gene expression, the DNA damage response and many other pro-
cesses (153-155). For instance, while heterochromatin (tightly packed DNA) is
typically devoid of acetylated lysines, euchromatic (lightly packed) regions typ-
ically contain histones with acetylated lysines. Histone acetylation is believed to
cause a locally less condensed chromatin structure in vivo, which is permissive
to transcription. Thus, euchromatin contains actively transcribed genes. In par-
ticular the lysine-rich histone H4 tail seems to be crucial in the modulation of
chromatin structure (150). In vitro, H4 tails are required for higher order chro-
matin folding (156-158), which can be disrupted by acetylation of K16 (150).
Nucleosome function and level of genome compaction can be altered in a mul-
titude of ways, providing flexible and versatile mechanisms for tuning the cell’s
chromatin structure and transcription regulation.

Archaeal histones: structure and alignment

Histones are the only archaeal chromatin proteins that resemble the eukaryotic
histones H3 and H4 in structure and sequence. These proteins occur in almost
every archaeal phylum, although histone-coding genes are not conserved
throughout all orders of every phylum (159). The best-studied histones are HMfA
and HM{B, two histones from the euryarchaeon Methanothermus fervidus, which
are closely related in terms of sequence (160). These histones occur in solution
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Histone dimer

= DNA duplex

Figure 1.4: Model for multimerization of histones in Thermococcus kodakarensis and
Methanothermobacter thermautotrophicus. Blue: histone dimers; red: DNA duplex. A) DNA is
bent by a histone dimer, which covers 30 bp of DNA. B) A histone tetramer wraps the DNA in a
left- or right-handed manner and is able to switch between these configurations, for example
in response to changes in salt concentrations (172). C) Histone dimers can further associate to
form a larger multimer. Every additional dimer wraps another 30 bp of DNA. At both extrem-
ities of the multimer, dimers can be added or removed. The left-handed wrapping depicted
here is arbitrary, since also this large histone-multimer-DNA complex might accommodate both
left-handed and right-handed wrapping.

as homo- or heterodimers (FIGURE 1.3B), but have been shown to bind to spe-
cific DNA sequences as tetramers, possibly resembling the (H3-H4)2 tetrasomes
formed as intermediates during histone octamer assembly in eukaryotes (161).
Archaeal histone tetramers were shown already in early studies to protect ~60 bp
of DNA from micrococcal nuclease (MNase) digestion (162) and to assemble at
specific high affinity sequences (163, 164). Conversely, MNase digestion of chro-
matin from the euryarchaeal species Thermococcus kodakarensis yields digests
with fragments 60 bp in size, representing a tetrameric histone, but also frag-
ments of 30 bp and multiples of 30 bp up to ~500 bp. This observation suggests
that ‘nucleosomes, which likely protected DNA from MNase digestion, formed
by histone HTkB are not of defined size and that dimers, tetramers and larger
multimers are functionally relevant (either in chromatin organization or in relation
to transcription regulation) (165). Our lab proposed a model for multimerization
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of histone proteins, in which histone dimers can be added and removed from both
ends to assemble into a DNA-coiling multimer, similar in structure to the eukar-
yotic nucleosome, that consists of dimers that each cover 30 bp of DNA (140)
(FIGURE 1.4). Studies on Methanothermobacter thermautotrophicus chromatin are
in accordance with this observation, which suggests that the basic functional unit
of archaeal histones might not be a tetramer, as generally assumed, but a dimer
(165, 166). The observed differences between species might be due to differences
in genomic sequence and/or protein sequence, altering dimer-dimer interactions.
Although sequence homology between histones is sometimes limited, the histone
fold is well conserved between species (167). Histones consist of three a-helices
separated by short B-loops. Residues R10, K13, R19, K53, T54 and K56, located in
the N-terminal a-helix, N-terminal B-loop and the C-terminal p-loop, were, based
on crystal structure and mutagenesis studies, predicted to be mainly responsible
for interacting with the DNA backbone. Dimer-dimer interaction, tetrameriza-
tion, has been proposed to be mediated by residues E42, L46, H49, D59, L62 and
R66 in the C-terminal and middle a-helix and the C-terminal -loop (137, 160)
Euryarchaeal histones have a high degree of sequence identity and are very similar
in length, although some have an extended N-terminal loop and/or helix, or an
extended C-terminus of ~30 amino acids. It has been proposed that these uncon-
ventional histone proteins are modulators of DNA binding by interaction with
other histones (167, 168). Also, some histones from halophilic archaea consist of
two histone domains fused together, whereas other histones assemble into dimers
following synthesis (169). In these naturally occurring histone-histone fusion
proteins, the histone fold at the C-terminus is more similar to the histone fold
of other euryarchaeal histones than the one at the N-terminus (167, 170). HTkB
and HMtA2, which likely bind along the genome as a dimer, tetramer or larger
multimer in T. kodakarensis and M. thermautotrophicus, respectively, contain all
residues identified as responsible for tetramerization in HMfB from M. fervidus.
Therefore the difference in minimal size of the functional histone unit cannot be
attributed to residues known to be involved in tetramerization.

Binding motif

Archaeal histones have a preference for binding GC-rich sequences with alter-
nating (G/C)2/3 and (A/T)2/3 motifs, which are separated by half a helical turn.
This compresses the minor and major groove on one side of the helix with A:T
facing towards the histones, and G:C facing outwards, causing the DNA to bend.
This mode of binding is very similar to that of eukaryotic histones. Studies on
HMIB from M. fervidus reveal that binding motifs are more complex: AT and
GC are not equal to TA and CG, respectively, in terms of facilitating archaeal
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nucleosome assembly (164). Also, when analyzing substitution patterns in the
DNA of nucleosomes in sister lineages of Haloferax volcanii, it was found that
there is a preference for G:C near the dyad, whereas changes towards A:T are
more common further away from the dyad, near the ends of the nucleosome DNA
(172, 173). These sequence patterns are again very similar to human nucleosome
positioning sequences. (174, 175).

In eukaryotes, a histone wraps 147 bp of DNA 1.65 times around its core, by
means of which the DNA is compacted and supercoils are constrained (176). In
archaea, tetrameric histones have been reported to wrap DNA without making
a full turn, which results in a horseshoe-like conformation (177). However,
interactions with the DNA may determine the extent of wrapping, which means
DNA sequence motifs may affect the exact number of turns that is made by the
DNA. HMf proteins from M. fervidus can wrap DNA around its tetramer core at
high affinity sequences, but also are able to bend DNA as a dimer in vitro (178).
Wrapping can be considered an advanced form of bending, rather than a separate
mechanism, and may be an evolutionary consequence of recruitment of dimers
at adjacent sites due to high affinity sequences or protein-protein interactions
between dimers. In vivo bending and wrapping by histones is expected to occur
in parallel at different locations along the genome. Not only wrapping by histones,
but also loop formation by trans-acting elements such as Alba contributes to DNA
organization and compaction. Loop formation may stabilize topologically isolated
domains in which supercoiling is preserved, and in which a subset of genes can be
co-regulated. (121, 179, 180).

Evolution of the histone protein

Ithasbeen suggested that eukaryotic histones evolved from archaeal histones (181).
This hypothesis is supported by the high similarity at the amino acid sequence level
and in secondary structure (182, 183). Suggestive of an archaeal origin of eukar-
yotic histones is also the dimeric nature of archaeal histones; archaeal histone
complexes are built from dimers, but members of the archaeal class halobacteria
express a ‘tandem histone’ In these tandem histones, the histone folds are linked
end-to-end (184-186). This implies that the histone folds always occupy the same
position and role in the naturally linked dimer. This leads to the relaxation of
evolutionary constraints in parts of the histone, an example of subfunctionaliza-
tion (187, 188). According to this hypothesis, the histone folds further evolved
in a divergent way, leading to an asymmetric dimer. This may have been an
ancestor of H3-H4, which later separated to become two individual proteins and
corresponding genes (182). It has been suggested that H2A and H2B have arisen
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from H3 and H4 later on in histone evolution (182). Indeed, H3 and H4 are more
similar to archaeal histones than H2A and H2B, supporting this hypothesis. From
this point in time, eukaryotic histones have further evolved into histone variants:
highly homologous substitutes of canonical eukaryotic histones, which often play
a specialist role in a wide variety of cellular processes (189). Unlike canonical
histones, which are mainly expressed during DNA replication, histone variants
are expressed in a replication-independent manner (190, 191). Histone variants
of H2A and H3 are widely known and studied, whereas only few examples have
been found of diversified H2B and H4 (192). The evolutionary pressure for the
evolution of dimer-based histones to octameric histones and their subsequent
variants is believed to be DNA compaction (182). The fact that eukaryotic cells
undergo mitosis, in which chromosomes are highly compacted, together with the
abundance of gene-poor regions may have favored a histone conformation that
wraps DNA twice (eukaryotic octamer) instead of once (archaeal tetramer), and
that via its N-terminal tails has the ability to compact DNA at a higher order. By
understanding the structural properties and functionality of archaeal histones, we
can learn how evolution led to the eukaryotic histone.

In this thesis, I will further discuss archaeal histones in terms of structure, func-
tion, and their relation to DNA. CHAPTER 2 highlights the interactions that
histones have in a complex with other histones and DNA. Also, in CHAPTER
2, all currently known (proposed) superphyla and phyla are discussed in terms
of encoding and possibly expressing histones and histone variants. Furthermore,
based on the protein sequences of these histones, I predict what kind of complexes
they may form together with DNA, and what consequences this may have for the
organism’s genome architecture. In CHAPTER 3, I describe a protocol for Tethered
Particle Motion (TPM), a single molecule technique which is able to provide a
read out of DNA conformation. Addition of histones and other DNA-binding
proteins may change the DNA conformation. TPM is the main technique used
in this thesis. Results of TPM experiments are described in CHAPTERS 4, 5 and
6. In CHAPTER 4, | focus on the largest histone-DNA assembly known so far: the
hypernucleosome. Using TPM, as well as magnetic tweezers, I show at what con-
centrations hypernucleosomes of HMfA and of HMfB, the best-studied archaeal
histones, form, and how they obtain their stability. CHAPTER 5 describes histones
from the candidate phylum Nanohaloarchaeota, which have never been reported
to have been purified. I use TPM and microscale thermophoresis to character-
ize these histones. Finally, in CHAPTER 6, I show how specific high affinity sites
on the DNA alter the binding of histones to DNA using TPM. This chapter also
provides an extensive overview of the possible functions of histones and histone
variants in archaea. CHAPTER 7 is a general discussion.
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CHAPTER 2

Structure and function of archaeal histones

Part of this chapter is based on:

Bram Henneman, Clara van Emmerik, Hugo van Ingen & Remus T. Dame, (2018)
Structure and function of archaeal histones. PLoS Genetics. doi: 10.1371/journal.
pgen.1007582
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Abstract

The genomes of all organisms throughout the tree of life are compacted and
organized in chromatin by association of chromatin proteins. Eukaryotic
genomes encode histones, which are assembled on the genome into octamers,
yielding nucleosomes. Post-translational modifications of the histones, which
occur mostly on their N-terminal tails, define the functional state of chromatin.
Like eukaryotes, most archaeal genomes encode histones, which are believed to
be involved in the compaction and organization of their genomes. Instead of dis-
crete multimers, in vivo data suggest assembly of “nucleosomes” of variable size,
consisting of multiples of dimers, which are able to induce repression of tran-
scription. Based on these data and a model derived from X-ray crystallography,
it was recently proposed that archaeal histones assemble on DNA into “endless”
hypernucleosomes. In this chapter, we analyse archaeal histones from all archaeal
domains and phyla. We identify archaeal histones differing from the consensus,
which are expected to be unable to assemble into hypernucleosomes. Finally, we
identify atypical archaeal histones with short N- or C-terminal extensions and
C-terminal tails similar to the tails of eukaryotic histones, which are subject to
post-translational modification. Based on the expected characteristics of these
archaeal histones, we discuss possibilities of involvement of histones in archaeal
transcription regulation.
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Introduction

Architectural chromatin proteins are found in every domain of life. Bacteria
express DNA-bending and DNA-bridging proteins, such as histone-like protein
from Escherichia coli strain U93 (HU) and histone-like nucleoid-structuring
protein (H-NS), to structure and functionally organize the genome and to regu-
late genome activity (11, 12). In eukaryotes and most archaeal lineages, histones
are responsible for packaging and compaction of the DNA (TABLE 2.1). The his-
tones found in archaea are widespread throughout the domain but are absent in
some lineages, notably Candidatus (Ca.) Parvarchaeota and Ca. Marsarchaeota,
and most Crenarchaeota and Thermoplasmata. They have the same histone fold
as eukaryotic histones, but N-terminal histone tails have not been identified.
Linker histones, homologous to eukaryotic H1, have not been found. Archaeal
histones exist as dimers in solution, which have been shown to bend DNA (160,
193). These histone dimers can be homodimeric or heterodimeric (194), as many
archaeal species express, or at least encode, more than one histone variant. In
Methanothermus fervidus (class Methanobacteria), two histone variants are
expressed at different levels and ratios at different growth phases, suggesting a dis-
tinct function for both proteins (193). In addition to binding as dimers, archaeal
histones have been reported in vivo and in vitro to bind DNA as tetramers (160,
162, 195), wrapping the DNA once. However, micrococcal nuclease (MNase)
digestion patterns of Thermococcus kodakarensis (class Thermococci) chromatin
suggest that histone-DNA complexes consist of discrete multiples of a dimeric
histone subunit (i.e., not limited to dimers and tetramers) in vivo without obvious
dependence on the DNA sequence (196). Based on the latter observations, it was
proposed that histone dimers multimerize and wrap DNA into a filament of varia-
ble length (140, 196). The crystallography study of Luger and coworkers on histone
HMIB from M. fervidus indicates that these histones assemble into an endless left-
handed rod in vitro, which we propose to call a “hypernucleosome” (FIGURE 2.1).
Note that these complexes were assembled on SELEX-optimized DNA previously
shown to favor tetrameric nucleosome assembly (197). The number of wraps in
the hypernucleosome, which is the number of times that the DNA is bent by 360°
around the histone multimer, scales linearly with the number of histone subu-
nits, resulting in a tight packaging of DNA. The authors also provide evidence
that mutation-directed perturbation of hypernucleosome function in vivo alters
the response to nutrient change in T. kodakarensis, suggesting a role in transcrip-
tion. Both eukaryotes and archaea encode histone proteins, which seem to be
involved in response to environmental cues by their involvement in transcription
regulation.

33



Chapter 2

Table 2.1: phylogenetic subdivision of the archaeal domain

Superphylum Phylum Class Histones
- Euryarchaeota Archaeoglobi Yes
Hadesarchaea Yes
Halobacteria Yes
Hydrothermarchaeota Yes
Methanobacteria Yes
Methanococci Yes
Methanomicrobia Yes
Methanonatronarchaeia Yes
Methanopyri* Yes
Theionarchaea Yes
Thermococci Yes
Thermoplasmata* Yes
DPANN Ca. Aenigmarchaeota Yes
Ca. Altiarchaeota Yes
Ca. Diapherotrites* Yes
Ca. Huberarchaeota Yes
Ca. Micrarchaeota Yes
Nanoarchaeota Yes
Ca. Nanohaloarchaeota Yes
Ca. Pacearchaeota* Yes
Ca. Parvarchaeota No
Ca. Woesearchaeota Yes
TACK Ca. Bathyarchaeota Yes
Crenarchaeota* Yes
Ca. Geothermarchaeota Yes
Ca. Korarchaeota Yes
Ca. Marsarchaeota No
Thaumarchaeota Yes
Ca. Verstraetearchaeota Yes
Asgard Archaea  Ca. Heimdallarchaeota Yes
Ca. Lokiarchaeota Yes
Ca. Odinarchaeota Yes
Ca. Thorarchaeota Yes

Division of archaea in superphyla and phyla, including the euryarchaeal classes. Presence or
absence of histone-coding genes on the genome of at least one of the members of the phyla and
classes have been indicated. *) of these groups, histones are found in a minority of sequenced
genomes.



Structure and function of archaeal histones
Histones are found in most newly discovered archaea

With the widespread use of metagenomic sequencing, entire new branches
within the archaeal domain have been discovered. Genomes of the recently disco-
vered archaeal superphylum Asgard archaea and phyla Ca. Bathyarchaeota, Ca.
Woesearchaeota, Ca. Pacearchaeota, Ca. Aenigmarchaeota, Ca. Diapherotrites,
Ca. Huberarchaeota, Ca. Verstraetearchaeota, Ca. Geothermarchaeota and Ca.
Micrarchaeota encode histones (20-24, 26, 28, 29, 31, 39) (TABLE 2.1). With the
publication of the genome sequences of these organisms, we were able to scru-
tinize the sequence divergence of histones by comparing sequences of histones
from archaea throughout the domain (FIGURE 2.2). The selection of histones
shown here is based on the presence of histone-coding genes in different phyla.
Since many of those phyla were only discovered in the last five years, our selection
includes a relatively large number of histones that have not yet been studied in
vivo or in vitro.

We found that in Methanosphaera sp. SHI613 (class Methanobacteria), 11 dif-
ferent histones are encoded, which is the highest number of histones found in

Figure 2.1: Overview of the hypernucleosome structure. HVfB dimers stack to form a con-
tinuous, central protein core that wraps the DNA in a left-handed superhelix. Nine HMfB dimers
are shown, each dimer in surface mode and in rainbow colors. Numbering indicates position of
the nine histone dimers; note that dimer 5 and 6 occlude the view of dimer 7. DNA is in gray and
shown as cartoon. Image generated using Protein Data Bank (PDB) entry 5T5K (197).
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one archaeal genome (198, 199). Also notable are genomes LC_3 of the phylum
Ca. Heimdallarchaeota, and Methanosphaera sp. BMS, which both encode 10
histone paralogs (21). We have not found any histones in the genomes of phyla
Ca. Parvarchaeota and Ca. Marsarchaeota, although it should be noted that abun-
dance of available genomes and completeness of the genomes differs. The majority
of available genomes from the phyla that do not seem to encode histones have an
estimated completeness of between 40% and 99% (26, 30). This means that we
cannot rule out the possibility that any of those genomes does contain one or more
genes coding for histones. The absence of histones suggests that other NAPs may be
involved in genome compaction. In thatlight, it is notable that in genomes from Ca.
Parvarchaeota and Ca. Marsarchaeota, as well as in genomes from the phyla from
Asgard Archaea, Ca. Woesearchaeota, Ca. Bathyarchaeota, Ca. Pacearchaeota,
Ca. Verstraetearchaeota, Ca. Geothermarchaeota, Ca. Aenigmarchaeota and Ca.
Micrarchaeota, genes coding for the DNA-bridging protein Albal (and in some
cases, Alba2) are present. Like histones, Alba (or Ssol0Ob) proteins are likely
involved in transcription repression. They are highly abundant in nonhistone-cod-
ing Crenarchaeota (200), possibly taking the functional role of histones as found
in other archaea. Some Ca. Parvarchaeota genomes encode Alba but not histones,
and their genomes may therefore be shaped or regulated in a similar way as in
Crenarchaeota. Furthermore, we found that only genomes of Ca. Thorarchaeota
and Thermoplasmata contain an HU gene (a DNA-bending protein generally
found in bacteria and archaea without histones (183)). Also, some genomes from
Euryarchaeota and TACK encode Dps, a DNA protection protein that is found
in bacteria. Dps has several mechanisms to protect the DNA in bacteria, such
as strong DNA compaction and protection from hydrogen peroxide toxicity, but
it is not known if archaeal Dps is able to function in a similar way. Additionally,
the genomes of Ca. Huberarchaeota, Ca. Altiarchaeota and some Euryarchaeota
encode an MC1 homologue, which is a monomeric DNA-bending protein often
found in organisms from the euryarchaeal class Halobacteria. Genes coding for
other known archaeal NAPs (201-203) were not found.

Some archaeal histones have eukaryote-like N-terminal tails

A striking finding based on the amino acid sequence comparison reveals that
two histones from Ca. Heimdallarchaeota archaeon LC_3 (only Histone A [HA]
shown in FIGURE 2.2), one from Ca. Huberarchaeota archaecon CG_4_9_14 3_
um_filter_31_125 and one from Ca. Bathyarchaeota archaeon B23, contain an
N-terminal tail, which was previously thought to exist only in eukaryotic histones
and only recently reported for Ca. Heimdallarchaeota (197). In eukaryotes, these
tails stabilize a higher order of compaction by interacting with either the DNA or



Structure and function of archaeal histones

Figure 2.3: Model of a Ca. Heimdallarchaeota archaeon LC_3 hypernucleosome with
N-terminal tails. A) View showing histone tails protruding through the DNA minor grooves.
The R17 Ca-atom is shown as a blue sphere to mark the exit point of the tail. B) Close up of
the histone tails with lysine and arginine residues shown as sticks, and N-terminal lysines are
labeled. Homodimers of Heimdall LC_3 histone HA are shown in teal; one dimer is highlighted
in darker colors. Models are based on the structure of HMfB (PDB entry 5T5K); the tail in the top
(bottom) of panel B is modeled in the H3 (H4) tail conformation (PDB entry 1KX5).

another nucleosome. The tails of the two histones from Ca. Heimdallarchaeota
and Ca. Huberarchaeota are of roughly the same length and sequence composi-
tion as eukaryotic H4 tails (see FIGURE 2.2). Prompted by the importance of the
eukaryotic histone tails in modulating chromatin structure and function (150,
155), collaborator Clara van Emmerik constructed a molecular model of a hyper-
nucleosome formed by Histone A (HA) from Ca. Heimdallarchaeota LC_3 to
investigate its potential function (see METHODS SECTION).

The model illustrates how three subsequent arginines (R17-R19) could facilitate
passing of the tails through the DNA gyres (FIGURE 2.3). The tails exit the hyper-
nucleosome through DNA minor grooves, similar to eukaryotic histone tails, and
might position their lysine side chains to bind to the hypernucleosomal DNA or
to other DNA close by, facilitating (long-range) genomic interactions in trans.
Like the H4 tail that is subject to acetylation of lysines K5, K8, K12, and K16 (204),
lysines in the heimdallarchaeal histone tail may well be subject to acetylation.
Archaeal genomes are known to have several candidate lysine acetyltransferase
and deacetylase enzymes, including proteins belonging to the ELP3 superfamily, to
which transcription elongation factor and histone acetyltransferase ELP3 belongs
(205-207). Searches using the ProSite database” (208) and Protein Information
Resource™ (209) further reveal that the Ca. Heimdallarchaeota LC_3 genome

*

http://prosite.expasy.org
http://pir.georgetown.edu

X%
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Figure 2.4: Stacking interface between HMfB dimers in the hypernucleosome. Each dimer
i forms stacking interactions with dimer i+2 and i+3, shown here for dimer 6. Residues deemed
important are shown in ball-and-sticks and labeled; close stacking of G16 in dimer 6 and 9 is
indicated by arrows (Ca shown as spheres); hydrogen bonds are indicated with dashes. Image
generated using PDB entry 5T5K (197)

contains multiple gene products containing the Gen5-related N-acetyltransferase
domain, which is present in many histone acetyltransferases (210). Interestingly,
a potential ‘reader’ protein that binds modified lysines can also be identified. This
protein, HeimC3_47440, contains a YEATS-domain, which has recently been
shown to bind histone tails that carry acetylated or crotonylated lysines (211-
214). Comparison with the closest homolog of known 3D structure, YEATS2
(35% identity, PDB-id 5IQL, (215)), shows that the binding site for the modified
lysine side chain is strictly conserved in the archaeal protein. Notably, only Ca.
Bathyarchaeota, which also features tailed histones, contains a detectable homolog
of HeimC3_47440. The presence of lysine-containing N-terminal tails in combi-
nation with histone modification writers and readers suggests that archaea use
post-translational modifications in a similar way to Eukaryotes as modulators of
genome compaction and gene activity. The tail of the Ca. Huberarchaeota histone
also contains lysine residues that are found at the same position as some of the
lysines of the H4 tail. However, we have not identified any proteins resembling
post-translational modification-related proteins from other organisms in terms of
sequence in this phylum.

Other histones, for example from Ca. Lokiarchaeota CR_4, Ca. Odinarchaeota
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LBC_4, Nanoarchaeum equitans (Nanoarchaeota), and Thermofilum pendens
(Crenarchaeota), contain a short N-terminal tail of 5-10 residues. Also, histones
with a C-terminal tail have been found. The histone from the euryarchaeal species
Methanocaldococcus jannaschii (class Methanococci) has a 28-residue C-terminal
tail, which seems to be unique among archaeal histones. Other C-terminal tails
are up to 11 residues long (as compared to Methanothermus fervidus HMfB) and
appear in Caldiarchaeum subterraneum (Thaumarchaeota), Ca. Bathyarchaeota
SMTZ-80, Ca. Heimdallarchaeota LC_3, Ca. Lokiarchaeota CR_4, and all his-
tones found in Crenarchaeota. These short C-terminal tails are similar in length to
the H4 C-terminal tail, that is reported to play a role in the promotion of histone
octamer formation in eukaryotes (216). The genomes of some archaeal species
contain genes for histone truncates. The histone from Haloredivivus sp. G17,
member of Ca. Nanohaloarchaeota, and the histone from Ca. Bathyarchaeota
archaeon B24 both lack part of the N-terminal a-helix (a1), and one histone from
Ca. Lokiarchaeota GC14-75 is reduced in length at the C-terminus. The remain-
der of the C-terminal amino acids likely does not form a C-terminal helix (a3)
in this histone from Ca. Lokiarchaeota. Although histones of reduced length or
containing tails lack part of the histone fold, they likely still possess DNA-binding
properties. Therefore, they possibly have functional roles in the regulation of
genes.

Multimerization of histones

Both eukaryotic histones and HMfB form dimers, a process that is driven by a
hydrophobic core (involving residues A24, 128, 132, 139, and A43 in HM{B) as
well as a crucial salt bridge for a stable histone fold (R52-D59 in HMfB) (217).
These hydrophobic residues and the salt bridge are conserved among archaea.
This indicates that archaeal histones have very similar tertiary structures (217,
218). Also, residues that play an important role in DNA binding are present in all
examined histones, including the arginines that anchor archaeal histone dimers to
the DNA minor grooves (R10 and R19 in HMfB) (217). Both eukaryotic H3-H4-
dimers and HMfB dimers can form tetramers by hydrogen bonding of H49 and
D59 (HMfB) and additional hydrophobic interactions in the interface (L46 and
L62 in HMfB) (171), pairs of residues that, too, are generally conserved among
archaeal histones (FIGURE 2.2).

Recently, a crystallography study on HMfB shed new light on the compaction
of DNA by archaeal histones. The HMfB-DNA cocrystal structure reveals left-
handed wrapping of DNA around a histone-multimer core (197) (FIGURE 2.1).
This structure supports the model in which HMfB dimers multimerize along

41



42

Chapter 2

DNA into an ‘infinite’ hypernucleosome, thereby linearly compacting the DNA
approximately ten-fold. It is likely that hypernucleosomes grow or shrink by
association or dissociation of dimers at both ends. The resolution of the crystal
structure allowed us to identify several interacting residues between layers of
dimers that may be important for stabilizing the complex (FIGURE 2.4). Based on
this structural information, the propensity of different archaeal histones to mul-
timerize can be predicted.

In TABLE 2.2, we set out three criteria for hypernucleosome formation by archaeal
histones. Firstly, conservation of residues in the dimer-dimer interface (E42,
L46, H49, D59, L62 and R66 in HM(B) is required, as forming a tetramer is the
first step in multimerization. Secondly, residue G16, which is positioned at the
stacking interface of the hypernucleosome (FIGURE 2.4), is crucial in permitting
formation of the hypernucleosome (197). Bulkier residues at this position inter-
fere with multimerization (197). Lastly, favorable interactions between histone
dimers i and i+2 and i+3, here termed stacking interactions, will contribute to
stability of the compacted hypernucleosome. The HMfB hypernucleosome crystal
structure shows three stacking interactions, hydrogen bonds from K30 to E61,
E34 to R65, and R48 to D14 (FIGURES 2.2 and 2.4).

Scrutiny of a selection of histone sequences reveals that most archaeal histones
meet these criteria and are thus likely to form hypernucleosomes, (TABLE 2.2,
marked +). We identified two to seven potential stacking interactions for this
group of histones, which may affect hypernucleosome stability and compactness.
Fewer interactions may allow for more ‘breathing’ of the hypernucleosome struc-
ture, yielding hypernucleosomes that are more flexible or floppy’ We predict such
structures to be formed also by a number of archaeal histones that do not fully meet
our criteria (TABLE 2.2, marked +). For example, Ca. Heimdallarchaeota LC_3
HA and Ca. Lokiarchaeota GC14_75 HLKE have H49N and D59S substitutions,
respectively, which likely weakens the crucial hydrogen bonding interaction at the
dimer-dimer interface (171). Similarly, substitution of the hydrophobic residues
46 and 62 for more hydrophilic or bulkier ones would lead to a less stable dimer—

Caption table 2.2 (page 43): Dimer-dimer interactions in the tetrameric interface were
assumed to be essential for hypernucleosomes formation. Absence of bulky residues in the first
loop and a high number of potential hydrogen bonds in the stacking interface will enhance
the compactness and stability of the hypernucleosome. Likely, uncertain and unlikely stacking
ability is indicated with +, + and -, respectively.

2 Dimer-dimer interface includes residues at position 42, 46, 49, 59, 62 and 66.

b Stacking interface includes residues at positions 15-17.

< For all potential stacking interactions, residue numbering of HMfB was used according to the
alignment in FIGURE 2.2.
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dimer interface, as for Ca. Heimdallarchaeota LC_3 HC and Ca. Bathyarchaeota
B23. In the presence of the canonical dimer-dimer interface, bulky substitutions
at position 16 likely also result in a more open hypernucleosome structure, as for
Ca. Odinarchaeota LCB_4.

Three archaeal histone species fail multiple criteria in our analysis, indicating that
these cannot form hypernucleosomes. These histone species are Haloredivivus sp
G17, Nanosalina J07AB43 HB, and Euryarchaeal Methanococcoides methylutens
(class Methanomicrobia) that all combine defects in the dimer interface with a
bulky substitution at position 16 and few potential stacking interactions (TABLE
2.2, marked -). In particular, Nanosalina J07AB43 Histone B (HB) shows a H49D
substitution and a glutamic acid at position 62, making the dimer surface highly
negatively charged and thus very unlikely to interact with another dimer.

It is remarkable that most of the histones having N- or C-terminal tails or N-
or C-terminal truncations additionally have substitutions in the dimer-dimer
and/or stacking interface that will affect hypernucleosome formation. Histones
with reduced ability to form compact hypernucleosomes are expected to exhibit
different roles in shaping the genome, like simple DNA bending or site-specific
interference with histone multimerization. Interestingly, the genomes of several
organisms encode histones that we predict are able to multimerize as well as his-
tones that probably do not multimerize. Histones have been hypothesized to bind
to promoters, thereby making the promoter inaccessible to transcription factors
that onset gene expression. The ability to multimerize into hupernucleosomes
suggests that histones may also have an effect on gene expression via multimeri-
zation, thereby potentially silencing the gene by binding into the coding region.

Sequence analysis of archaeal histones

Although a sequence alignment of a selection of histones from throughout the
archaeal domain as shown in FIGURE 2.2 and a structural analysis as discussed
in TABLE 2.2 give a good overview of the multeity of structural and sequential
elements, a more systematic sequence analysis of all known archaeal histones
allows for a better characterization of phylum-specific features of archaeal his-
tones. Here, we will discuss the histones of all archaeal phyla and all euryarchaeal
classes. Sequences of these histones can be found in the supplementary Excel file
(accessible via the Leiden Repository). Main points of discussion are length and
isoelectric point (pI), the residues involved in DNA binding and dimerization, the
well-conserved ‘HAGRKT-motif” at the C-terminal linker, the stacking interface
or AGA-loop situated at the N-terminal linker, and the stacking interactions (as
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Figure 2.5: Characteristics of archaeal histones categorized by superphylum. A) Histones
per genome, as fraction of the total number of genomes per category. The double-histone-fold
histones of Halobacteria are not included in this analysis. *) The value of TACK at one histone is
0.90. Total number of genomes included: Euryarchaeota, 228; DPANN, 118; TACK, 203; Asgard
archaea, 12. B) Division of histone lengths, as fraction of the total number of histones per
category. Total number of histones: Euryarchaeota, 662; DPANN, 181; TACK, 225; Asgard archaea,
40. C) Division of theoretical isoelectric point, as fraction of the total number of histones per
category. Total number of histones: see B.
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found in HMfB). Histones from genomes that were not assigned to a phylum or
class, are disregarded. Some histones have been identified as being part of the
same histone type within a taxon. These histones are more similar to histones
within the same type than histones from the same organism, and are identified
using sequence alignment with Clustal Omega (see also METHODS). Histone
types are assigned independently of other types, and so histones of a certain type
in one taxon do not have any relation with histones from another type with the
same name in another taxon.

Euryarchaeota

In all superphyla and Euryarchaeota, the mode of number of histones encoded per
genome is one. However, in Euryarchaeota, 63% of the genomes evaluated in this
study encode two or more histones (FIGURE 2.5A). Most euryarchaeal histones
are between 65 and 70 amino acid residues long, with the double-histone-fold his-
tones from Halobacteria being the main exception, at 142-150 amino acid residues
(FIGURE 2.5B). The theoretical isoelectric point (determined using ProtParam
(219)) of euryarchaeal histones varies between 4 and 11 (FIGURE 2.5C). The pI of
histones from halophilic organisms is usually between 4 and 6, whereas the pI of
histones from other organisms is mostly between 7.5 and 10.

Archaeoglobi

The majority of Archaeoglobi genomes encodes two histones, although some
encode three histones. There is little variance between the histones, and unlike
histones from for example Thermococci or Ca. Nanohaloarchaeota, no types can
be identified. Therefore, it remains unclear how the two or three different histones
in Archaeoglobi are functionally different. Likely, Archaeoglobi histones are able
to bind DNA. The number of tetramerization interactions differs. Some histones
can probably form five tetramerization interactions, while others can form only
four. The AGA-loop is conserved among all histones. Stacking interactions can
likely be formed by most histones in this class, which may result in formation of
hypernucleosomes.

Hadesarchaea

The four genomes of Hadesarchaea included in this study encode one, two (twice)
or three histones. The AGA-loop is found in only two histones, but four others
have SGA instead, which may lead to a more flexible hypernucleosome. Two
histone-coding genes do not encode an AGA-loop. The hadesarchaeal histones
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without AGA or SGA are predicted to be able to bind DNA and tetramerize, like
the others, but may do this with fewer interactions. Affinity for DNA might there-
fore be lower than for the other histones. The histones with AGA or SGA loop
are able to form at least two stacking interactions, and may therefore (at least, if
SGA does not sterically hinder it) assemble into hypernucleosomes. For the other
two, this is unlikely, not only because the amino acid residues in their N-terminal
loop probably cause sterical hindrance and thereby prevent dimerization, but also
because these histones do not have enough stacking interactions.

Halobacteria

Halobacteria express a unqiue kind of histones, with two histone folds. These his-
tones can be regarded as naturally linked dimers. Because of the double histone
fold, they are much longer than other histones. Their length is 140-150 amino acid
residues, with a mode of 143 residues. Within Halobacteria, histone sequence is
highly conserved (FIGURE 2.6). The pI of halobacterial histones ranges from 4.24
to 5.37, which is very low compared to other archaeal histones, although these
values are common for salinophilic archaea. Because of its two histone folds, one
histone fold of the halobacterial histone is able to ‘specialize’ in certain interactions
(182). Therefore, not all residues involved in DNA-

Figure 2.6: Sequence logo of histones from Halobacteria. The top panel represents the
N-terminal histone fold, the bottom panel represents the C-terminal histone fold. 104 his-
tones with a length of 143 residues were included in this figure. Grey bars represent predicted
a-helices. Figure made using WebLogo (224).
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binding- and tetramerization interactions are present in one of the histone
folds, which makes it difficult to discuss those interactions here. From in vivo
experiments, it is known that halobacterial histones bind DNA as tetramers, and
probably do not form hypernucleosomes (220, 221). Histones from Halobacteria
do not have an AGA-loop, but in the N-terminal histone fold, XGA is often
present at positions 15-17. Only the second half of the HAGRKT-motif is found
in the N-terminal histone fold, whereas the C-terminal histone fold usually
contains a full (variant of the) HAGRKT-motif. The least conserved part of halo-
bacterial histones is the central a-helix and C-terminus of the N-terminal histone
fold. Positively charged and hydrophobic residues are generally well-conserved
(FIGURE 2.6). In vitro studies suggest that histone HpyA from Halobacterium
salinarum plays a minor role in DNA compaction, but is important for growth
phase-dependent transcription regulation (185). MC1 may be the main DNA
compacting protein in Halobacteria (222, 223).

Hydrothermarchaeota

Two histone-encoding genomes of Hydrothermarchaeota were identified, both
encoding one histone. These histones are identical. Remarkably, this histone
does not contain an AGA loop. Also, no potential stacking interactions could
be identified, which would make hypernucleosome formation highly unlikely.
Hydrothermarchaeal histonesarelikelyable tobind DNA and to tetramerize, as resi-
dues generally involved in these processes are present. Most hydrothermarchaeal
genomes encode Alba proteins (225). Based on the hypothesized inability of
histones to form hypernucleosomes, Alba may be the main chromatin protein
responsible for DNA compaction in Hydrothermarchaeota.

Methanobacteria

The histone distribution of histone-coding genes in Methanobacteria is highly
diverse. Of the 42 genomes that we have examined, half encoded three histones.
However, two genomes encoded a single histone, whereas one genome encoded
ten histones and one genome encoded eleven histones. Methanobacterial histones
as a group cannot be categorized into types, since histones are better conserved
within a certain genus than within subgroups. The class Methanobacteria con-
tains only one order, Methanobacteriales, which is subsequently subdivided
into two families: Methanobacteriaceae and Methanothermaceae. The former
is further subdivided into the histone-encoding genera Methanobacterium,
Methanobrevibacter, Methanothermobacter and Methanosphaera, whereas the
latter is made up of a single genus: Methanothermus.
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Genomes from the genus Methanobacterium mostly encode three histones, with
the main exception being Methanobacterium bryantii M.o.H., encoding seven
histones. The histones of Methanobacterium seem to be equal in terms of DNA
binding and stacking interactions, but based on tetramerization interactions,
three types can be discerned, which form four, five or six stacking interactions.
Presence of the AGA-loop and putative tetramerization and stacking interactions
suggest that these histones can assemble into a hypernucleosome.

Most of the genomes from Methanobrevibacter encode three or four histones.
The histones can be categorized into three types, A, B and C. Histones from type
A likely form more stacking interactions than the others, which in theory could
result in more stable hypernucleosome formation. However, the histones of type
A lack H49, which is very important in tetramerization. Thus, whether type A
histones are able to form hypernucleosome remains unclear. This is supported by
the structural analysis of this chapter, in which we concluded that histone HA of
Methanobrevibacter wolinii may or may not form hypernucleosomes. Histones of
type B and C are likely able to multimerize into hypernucleosomes, and do not
differ in residues that are important for DNA binding, tetramerization or stack-
ing. Within Methanobrevibacter, large differences between the pIs of histones
are observed (5.10-9.52). This may have an effect on transcription regulation in
response to environmental cues.

All genomes of the genus Methanothermobacter included in this study encode three
histones. These histones form three types, D, E, and F. Type D is probably slightly
impaired in tetramerization, as it forms five tetramerization interactions while
the histones from the other types form six tetramerization interactions. Unlike
Methanobrevibacter histones, all types contain the important and well-conserved
H49, and therefore tetramerization is likely not affected in Methanothermobacter
histones. Interstingly, the histones from type E exhibit more potential stacking
interactions than the others. Histones from type D or F do not differ at resi-
dues involved in any known interactions. The AGA-loop is also present, which
together with the likely presence of tetramerization and stacking interaction leads
to the conclusion that Methanothermobacter histones of any type probably form
hypernucleosomes. The histones from Methanothermobacter thermautotrophicus,
HMtAL1 (type D), HMtA2 (type E) and HMtB (type F) were studied in vitro.
Substitution R19I in HMtB, found in a laboratory strain, resulted in the loss of
DNA binding of the HMtB homodimer. However, HMtB, ,-HMtA2 heterodi-
mers were able to bind DNA (226).

Methanosphaera is the genus of which the genomes encode on average the largest
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number of histones: between four and eleven. These histones form seven loosely-
defined types, and histones from these types are not equally distributed among
the Methanosphaera genomes. Histones from most types exhibit six potential
DNA-binding interactions, although some types are likely able to form just five
DNA-binding interactions. Histones from most types form five tetramerization
interactions, but this number varies from three to six. The histones of one type,
expected to form just 3 tetramerization interactions, also lack H49, which means
the histones belonging to this type likely cannot tetramerize or form hypernucleo-
somes. The number of potential stacking interactions varies even within types, and
therefore it is impossible to make statements about the hypernucleosome forma-
tion abilities of the types. Similar to Methanobrevibacter, within Methanosphaera,
large differences between the pls of histones are observed (4.64-9.77), which may
be of importance for transcription regulation in response to environmental cues.

Within the genus Methanothermus, only three species have been identified:
Methanothermus fervidus, Methanothermus sociabilis and Methanothermus
jannaschii. Histones are exclusively encoded by M. fervidus. These histones, HMfA
and HM{B, are regarded as archaeal ‘model histones, and are very well studied
(see also CHAPTER 4 and 6 of this thesis). Hypernucleosome formation was first
shown for M. fervidus histones (197), and sequence and structural analysis in this
chapter is based on experiments on HMfA and HM({B.

Methanococci

Of the 17 genomes included in this study, eight encode three histones, while the
others encode two to five histones. Some histone-coding genes encode C-terminal
tails with a length of ~32 residues, which are relatively well-conserved. Most
genomes encode at least one histone with C-terminal tail, possibly forms an addi-
tional a-helix (identified with Jpred4 (227)). The function of this tail remains
unclear. Remarkably, the histones with C-terminal tail likely have very differ-
ent properties compared to Methanococci histones without a tail. The histones
with tail have a poorly conserved HAGRKT-motif and lack an intact AGA-loop.
They almost completely lack residues involved in tetramerization, and are prob-
ably unable to form stacking interactions. This means that it is very unlikely that
histones with a C-terminal tail form hypernucleosomes. However, these histones
can likely bind to DNA. In contrast, Methanococci histones without tail have an
AGA-loop and can probably form DNA-binding-, tetramerization- and stacking
interactions, which leads to the conclusion that they likely form hypernucleo-
somes. Most Methanococci genomes encode two histones without tail that are
very similar. One of the two often contains a C-terminal methionine of which the
function is unknown, whereas the other does not. The clear difference between
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Methanococci histones with and without tail indicates that the histones without
tail form hypernucleosomes, while histones with tail regulate hypernucleosome
length or position hypernucleosomes onto specific loci.

Methanomicrobia

Of the 120 Methanomicrobia histones included in this study, more than half is the
only histone encoded by its genome. ~75% of histones have an intact AGA-loop.
Most histones are likely able to form DNA-binding- and tetramerization inter-
actions, although a large minority of histones has one or more tetramerization
defects. The histidine at position 49 is conserved in 99% of histones. Stacking
interactions are found in Methanomicrobia histones, although the number
varies from zero to three. Therefore, some histones likely form hypernucleo-
somes, some likely do not, and for some the analysis is inconclusive. The histone
of Methanococcoides methylutens DSM 2657, the only histone encoded by this
genome, are likely unable to form hypernucleosomes, as shown by the structural
analysis (TABLE 2.2). Thus, hypernucleosome formation is likely nonessential in
Methanomicrobia. Some histones in this class have a highly charged C-terminus,
which may be used for transcripton factor recruitment. Methanosarcina, a genus
within Methanomicrobia of which the genome encodes one histone, also expresses
MCI1 (formerly known as HMb). In this genus, MC1 was identified as the major
component of extracted nucleoprotein, which may indicate that this NAP is the
most important protein involved in genome compaction (228-230).

Methanonatronarchaeia

One genome from Methanonatronarchaeia encoding one histone was included
in this analysis. This histone is likely able to form DNA-binding-, tetrameriza-
tion- and stacking interactions. Its AGA-loop is not fully conserved, but instead
it has GGA at positions 15-17. The A15G substitution probably does not interfere
with hypernucleosome formation, since glycine does not possess a side chain and
therefore it likely does not sterically hinder multimerization of histones.

Methanopyri

Of the six Methanopyri genomes that have been identified, only Methanopyrus
kandleri AV19 encodes histones. The three gene products annotated as histones
are vastly different from each other. One gene product is 77 amino acid residues
long, has a pI of 9.50 and lacks features that are associated with histones. The gene
product is predicted to contain a histone fold (identified with Jpred4 (227)). It is
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therefore questionable if this gene product really is a histone, or if it was wrongly
annotated. Another histone is 91 residues long, hasa pI of 9.15 and hasa HAGRKT-
motif. It exhibits some similarities the histones with tail from Methanococci, and
also unlikely to tetramerize or form hypernucleosomes. The third histone has 154
residues, a pI of 4.91 and has been shown to contain two histone folds (231). This
histone, referred to in literature as MkaH, thus somewhat resembles halobacterial
histones, although they lack the AGA-loop and HAGRKT-motif. Although there
is little sequence similarity to other archaeal histones, in vitro experiments have
shown that MkaH is able to dimerize into structures that resemble eukaryotic
(H3-H4)2 tetramers, and to compact DNA (232).

Theionarchaea

Although only two genomes of Theionarchaea are included in this study, combined
they encode twelve histones, five from archaeon DG-70 and seven from archaeon
DG-70-1. The AGA-loop is present, although it is substituted with GGA in some
cases. This likely does not interfere with hypernucleosome formation. Most of
the histones are expected to multimerize into hypernucleosomes. However, one
histone of each genome probably cannot tetramerize and therefore cannot form
hypernucleosomes. Four out of twelve histones are probably able to form suffi-
cient stacking interactions in order to form stable hypernucleosomes. The other
histones either cannot form hypernucleosomes because of the before-mentioned
defects in tetramerization interactions, or cannot be predicted to form hypernu-
cleosomes based on this analysis.

Thermococci

Over 75% of Thermococci genomes encode two histones. Of these two histones,
one usually has a lower theoretical pI than the other, the difference being approx-
imately 1. We categorized thermococcal histones into type A, histones with lower
pL, and type B, histones with higher pI. Although length and sequence of the his-
tones of both types are relatively similar when compared to histones from other
classes or phyla, there are four clear differences. E19, well conserved in type A,
is poorly conserved in type B and can be alanine, glutamine or proline (FIGURE
2.7). The aromatic tyrosines in type A at position 32 and 36, are replaced by the
positively charged residues histidine and lysine in type B, respectively. Finally,
the aromatic phenylalanine or tyrosine at position 47 is not present in type B,
which instead has leucine at position 47. The first three residues do not have a
known effect on DNA binding, tetramerization, or hypernucleosome formation,
however, L47 is involved in tetramerization, but this substitution was shown to
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Figure 2.7: Sequence logo of the two types of thermococcal histones. A) Type A and B) type
B. Type C was not included because of the heterogeneity in histone length. Grey bars represent
predicted a-helices. Main differences between type A and type B are represented by asterisks.
Figure made using WebLogo (224).

have no effect in electrophoretic mobility shift assays (EMSAs) (233). Despite
these differences, histones from both types can likely multimerize into hypernu-
cleosomes and bind DNA. This is supported by the finding that type A histone
HTKA from Thermococcus kodakarensis forms hypernucleosomes in vivo (197).
Most, but not all Thermococci histones can be placed in either types A or B. Type
C, which represents the remaining histones, is probably less conserved than types
A or B. The length of some type C histones does not exactly match the lengths of
histones from type A or B, and the number of potential tetramerization interac-
tions varies within type C. Additionally, some type C histones likely form weaker
stacking interactions, which may have its effect on hypernucleosome formation.
The genomes to which thermococcal type C histones belong, were all identi-
fied recently using metagenomic sequencing. The habitat from which they were
retrieved does not differ from that of other Thermococci genomes (225).

Thermoplasmata

Most Thermoplasmata genomes do not encode histones. Currently, only five, all
identified via metagenomic sequencing, encode a single histone. One of these,
although annotated as histone, is missing all signature motifs and conserved ele-
ments, and is therefore probably not a real histone. It is therefore disregarded
in this analysis. The remaining histones all have an AGA loop, but the number
of potential stacking interactions differs, with some histones likely able to form
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a hypernucleosome, while others are likely unable to do so. Also the expected
number of DNA interactions and tetramerization interactions varies. It is there-
fore difficult to predict the function of Thermoplasmata histones. However,
Thermoplasma acidophilum expresses HTa, a NAP that is a member of the bacte-
rial HU protein family (234, 235). It is one of the most highly expressed proteins
in T. acidophilum, and is a functional analog of histones (235, 236). Also, Alba is
encoded by most Thermoplasmata genomes. HTa and Alba may together compact
and regulate the genomes of Thermoplasmata.

DPANN

In DPANN, genomes that encode more than one histone, make up 56% of the
data set. In contrast to Euryarchaeota, genomes encoding more than four histones
were never found (FIGURE 2.5A). Histones from DPANN come in a wide range of
lengths, although most histones are between 65 and 70 amino acid residues long
(FIGURE 2.5B). Also, a broad range of theoretical pIs of histones can be found in
DPANN, although the average pl is significantly higher than in Euryarchaeota
(8.72 compared to 7.31) (FIGURE 2.5C). Similar to Euryarchaeota, genomes found
in high-salinity habitats, such as Nanoarchaeota and Ca. Nanohaloarchaeota,
encode histones with low pIs (pI 4-6).

Ca. Aenigmarchaeota

Most of the twenty genomes of Ca. Aenigmarchaeota that encode histones,
have one or two histone-coding genes. The AGA loop is usually intact, although
some variations occur, such as YGA, LGA, NGA, VGA, CGA and SGA. It is not
known what the effect of these AGA-loop variants is with respect to hypernucleo-
some formation. However, sequences of histones with an AGA-loop variant are
likely less conserved in general. Potential stacking interactions are exhibited by
a majority of aenigmarchaeal histones, which, together with the presence of the
AGA-loop, makes it likely that those histones are able to form a hypernucleosome.
The six residues involved in DNA binding are found in aenigmarchaeal histones,
but none of the histones contains all six residues. This may result in distinct DNA
binding affinities within this group of histones, and even within the same orga-
nism. Residues involved in tetramerization are usually found in aenigmarchaeal
histones, although also here, some defects are found.

Ca. Altiarchaeota

Of the eleven genomes of Ca. Altiarchaeota included in this study, eight genomes
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encode one histone. Of the AGA-loop, only the glycine is conserved in all his-
tones, and the majority of histones has a motif that is different from AGA. A
subset of histones may be able to form two stacking interactions and is therefore
possibly able to form hypernucleosomes, whereas the remaining histones likely
do not stack and thus cannot form hypernucleosomes. Also, the histones without
stacking interface are partially defective in tetramerization. These histones are
somewhat longer than the others, with an extension at the C-terminus. Since
DNA interaction is likely possible for all histones, the non-stacking histones may
function as a regulator for hypernucleosome extension. All genomes with more
than one histone-coding gene encode one non-stacking histone.

Ca. Diapherotrites

The majority of Ca. Diapherotrites genomes does not encode histones. Only four
histones from Ca. Diapherotrites are included, encoded by four different genomes.
Remarkably, the AGA-loop is absent in all histones, although the variant GGA
was found in one histone. Two histones likely form stacking interactions. All his-
tones are likely to be able to tetramerize and bind DNA. Since no histone contains
amino acid residues at positions 15-17 that cause no steric hindrance when multi-
merizing, and also is predicted to form stacking interactions, it is likely that none
of the histones from Ca. Diapherotrites assemble into hypernucleosomes.

Ca. Huberarchaeota

Although we included twelve histones from seven huberarchaeal genomes, eftec-
tively there are only two histones included in this analysis, since all huberarchaeal
histones are identical to either of those two histones. The histone of 91 amino acid
residues contain an AGA-loop, whereas the 79-residue histone has a variant of
which it is unknown if it allows for hypernucleosome formation. Stacking inter-
actions are identified in both histones, albeit between different residues. The long
histone is likely able to form a hypernucleosome, but the analysis is inconclusive
for the short histone. Residues of the DNA-binding interface are best conserved
in the short histone, whereas tetramerization interactions are best conserved in
the long histone. The long histone has an N-terminal tail that is highly positively
charged because of lysines, as discussed elsewhere in this chapter, whereas the
short histone has a short C-terminal extension with positive charges due to the
presence of lysines and arginines. We hypothesize that the long histone is involved
in hypernucleosome formation, whereas the short histone is able to regulate the
hypernucleosome by binding to its extremities and possibly positioning the
hypernucleosome on the DNA.

55



56

Chapter 2

Ca. Micrarchaeota

Most Ca. Micrarchaeota genomes encode two histones, while one-third of the
micrarchaeal genomes encodes only one histone. We found a broad spectrum of
micrarchaeal histones, with lengths ranging from 59 to 113 residues and theoreti-
cal pIs from 5.02 to 10.53. The histones can roughly be divided in two types: type
A that is likely able to form a hypernucleosome via stacking interactions, with
likely strong DNA-binding- and tetramerization interactions, and type B that
lacks stacking interactions and likely has weaker DNA-binding- and tetramer-
ization interactions. Types A and B are not correlated to histone length and pI.
Also, the histones of the two types are not equally divided between the genomes,
as some genomes encode two histones from the same type (FIGURE 2.8). This
suggests contradiction with the hypothesis that the histones of a single organism
have different functions, with one being able to form a hypernucleosome and one
involved in a different process, for example regulation of the hypernucleosome. It
should be noted though that differences on a sequence level between two histones
of the same type may result in a yet unidentified from of differentiation. Also,
encoding of multiple histones of the same type may be a mechanism for increasing
histone expression levels. Still, the majority of genomes encoding two histones
encode a histone from either type. Four type B histones have a shorter N-terminal
a-helix, which may also contribute to a differential function in genome compac-
tion or transcription regulation.

Ca. Micrarchaeota Ca. Micrarchaeota
Histone variant A Histone variant B

4 8 1

Figure 2.8: Venn diagram of micrarchaeal genomes encoding two histones, and the presence
of histone type A (likely forming a hypernucleosome) and type B (likely unable to form a hyper-
nucleosome).
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Figure 2.9: Sequence logo of the three types of nanohaloarchaeal histones. A) Type A, which
is likely able to form hypernucleosomes. B) Type B, which is unlikely to form hypernucleosomes.
C) Type C, which may form hypernucleosomes. Grey bars represent predicted a-helices. Figure
made using WebLogo (224).

Nanoarchaeota

Like Ca. Micrarchaeota, within the five genomes of Nanoarchaeota that were
included in this study, two types can be distinguished. Here, every genome encodes
one histone of each type (with Nanoarchaeota archaeon B36_G17, encoding only
one histone, being the exception). Histones of type A have a fixed length of 75
residues, whereas histones of type B are always longer. The types are not related
to pI, DNA interactions or tetramerization interactions, but they do seem to be
related to the presence of potential stacking interactions, with histones of type
A generally being expected to form stacking interactions while histones of type
B are not. Type B histones also have AGV instead of the AGA-loop, which may
prevent hypernucleosome formation for the members of this type. Here, again,
histones of type A are potentially involved in hypernucleosome formation, and
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histones of type B likely have different structural properties. The type B histone of
Ca. Nanobsidianus stetteri has a length of 103 residues and is predicted to contain
an N-terminal tail. However, an internal methionine at exactly the location where
other histones of the same type have the N-terminal methionine, suggests that this
gene was misannotated. The internal methionine is in reality likely the N-terminal
methionine, and the N-terminal tail is probably never translated.

Ca. Nanohaloarchaeota

Histones of Ca. Nanohaloarchaeota are, like histones from other (presumably)
salinophilic species, characterized by their low (<6) theoretical pI. Most histones
have a length of 65 amino acid residues. Within the nanohaloarchaeal histones,
three types can be distinguished. Type A has an intact AGA loop, six DNA-
binding interactions and six tetramerization interactions (FIGURE 2.9A). Also,
it has several tetramerization interactions, although the exact number varies per
histone. Therefore, histones of type A can likely form a hypernucleosome (see
also Nanosalina sp. J07AB43 HA in FIGURE 2.2 and TABLE 2.2). Histones of type
B completely lack the AGA loop, and also most histones of type B cannot facili-
tate stacking (FIGURE 2.9B). Additionally, H49, important for tetramerization, is
lacking. Therefore, it is highly unlikely that histones of this type are involved in
hypernucleosome formation. Amino acids involved in DNA binding are present,
although with five interactions, they are slightly smaller in number compared
to type A. This may cause slightly weaker DNA binding affinities. Lastly, his-
tones belonging to type C have an AGA loop in which at least the glycine and
C-terminal alanine are well conserved (FIGURE 2.9C). Also, they are able to form
stacking interactions, but less in number than histones of type A. Instead of six
DNA-binding and tetramerization interactions, histones of type C probably form
five of both. It is unclear if these histones are able to form a hypernucleosome, but
if they do, type C hypernucleosomes are likely less stable than those of type A. In
this phylum, the stability of the hypernucleosome may therefore be regulated by
expressing histones of type A or C. Genomes that encode three histones, encode
all three variants. Genomes encoding two histones encode either A and B, A and
C or two histones of type B. Five nanohaloarchaeal histones were difficult to cate-
gorize. These histones are either shorter or longer than 65 residues, and in some
cases their pls are much different from the other histones.

Ca. Pacearchaeota
A minority (15%) of pacearchaeal genomes encodes histones, while Alba is

encoded by most genomes belonging to Ca. Pacearchaeota. All pacearchaeal
genomes investigated here encode a single histone. The AGA-loop is only present
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in one histone, other histones have variants, such as LGA and CGA. Four out of six
histones that were investigated here, are likely able to form stacking interactions.
However, the histone with the AGA-loop is unlikely to form stacking interactions.
This suggests that none of the pacearchaeal histones are able to assemble into a
hypernucleosome. In contrast, we concluded from the structural analysis that at
least the histone from genome Pacearchaeota CG1_02_31_27 is able to form a
hypernucleosome, despite having CGA instead of AGA. We do not expect the
other histones to form hypernucleosomes as well: only two out of six histones are
likely able to form tetramers; the other four histones likely cannot form structures
larger than dimers. Pacearchaeal histones lack potential DNA-binding interac-
tions and are therefore probably unable to bind DNA.

Ca. Parvarchaeota

In the genomes of Ca. Parvarchaeota, no genes coding for histones have been
identified to date.

Ca. Woesearchaeota

The genomes of Ca. Woesearchaeota encode one, or in some cases two histones.
These histones can likely bind DNA and form tetramers. Some woesearchaeal his-
tones are probably able to form stacking interactions, although the AGA-loop is
conserved in less than half of the histones. Variants of the AGA motif similar to
those in Ca. Pacearchaeota are often found, which means we cannot rule out the
possibility of hypernucleosome formation for the majority of the histones of Ca.
Woesearchaeota. The histones from this phylum cannot be grouped into types, as
seen for some other DPANN histones. There are relatively few conserved residues
as compared to other phyla, although length and pI are very constant, considering
the variation in sequence.

TACK

Over 90% of TACK genomes encode a single histone; the maximum is three his-
tones encoded by one genome (FIGURE 2.5A). Histone length is variable, although
almost a third of the TACK histones in this study consist of 73 amino acid residues
(FIGURE 2.5B). The pI of TACK histones is relatively high, mostly between 9 and
10.5, with an average of 9.19 (FIGURE 2.5C).
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Ca. Bathyarchaeota

50 out of 60 genomes of Ca. Bathyarchaeota in this study encode one histone. The
remaining ten genomes encode two or three histone homologs. Bathyarchaeal
histones range from 62 to 105 amino acid residues in length, although almost half
of the histones in this study consist of exactly 73 residues. Also the most extreme
theoretical pIs are far apart (from 5.06 to 11.30), but most pls lie between 9 and
10.5. More than 85% of the histones have an AGA-loop. Those histones seem to
share common features of archaeal histones: DNA binding, tetramerization, and
multimerization into hypernucleosomes. The analysis suggests that the remaining
group of histones form less DNA-binding interactions and less tetramerization
interactions, and are not able to form stacking interactions. Remarkably, most
of the histones without conserved AGA-loop are identified as the only histone
encoded by the genome it belongs to. This suggests that these histones do not
regulate transcription via hypernucleosome modulation, as hypothesized for
Ca. Huberarchaeota and Ca. Nanohaloarchaeota, i.a.. A small subset of bathy-
archaeal histones contains an N-terminal tail. The N-terminal histone tails within
Ca. Bathyarchaeota do not resemble each other, nor do they resemble the tails of
eukaryotic histones. Also, two histones have a short C-terminal tail, which also
does not resemble any other known histone tail.

Crenarchaeota

Crenarchaeota were long known as the archaeal phylum in which histones do
not occur. The chromosomes were thought to be compacted and regulated by
Crenarchaeota-specific chromatin proteins such as Cren7 and Sul7 (see also
CHAPTER 1). Metagenomic sequencing resulted in the identification of 48
genomes that do encode histones. Except for one, all genomes encode a single
histone; only Thermoprotei archaeon B132_G9 encodes two. These histones likely
bind to DNA and are able to tetramerize. Also, the AGA-loop is present in nearly
all crenarchaeal histones, and most are able to form stacking interactions. This
means that most histones may be able to assemble into a hypernucleosome. Of all
histones with a single histone fold, the ones from Crenarchaeota are on average
the longest, which is probably related to their short C-terminal tail. This tail is
poorly conserved within the phylum. Additionally, some histone-coding genes
encode short N-terminal extensions of unknown function.

Ca. Geothermarchaeota

In Ca. Geothermarchaeota, two genomes were identified to encode histones.
One genome encodes a long, 83-residue histone, whereas the other encodes two
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shorter histones. All geothermarchaeal histones are likely able to tetramerize. The
AGA-loop is conserved only in the two short histones. One of these histones is
probably also able to assemble into a hypernucleosome, whereas the other cannot
do this because it lacks stacking interactions. The histone that likely cannot form
a hypernucleosome has six DNA-binding interactions, which possibly results in
a high DNA binding affinity. The hypernucleosome-forming histone encoded by
the same genome likely has a lower binding affinity, as a result of having only five
residues involved in DNA binding. The non-hypernucleosome-forming histone
may therefore function as an inhibitor against extension of the hypernucleosome.
The long histone is probably unable to multimerize into a hypernucleosome.
However, its positively charged N-terminal tail and C-terminal tail may play a
role in regulation of DNA compaction and transcription. The N-terminal tail does
not resemble its eukaryotic counterpart.

Ca. Korarchaeota

Although most TACK histones do not have homologs in the same genome, Ca.
Korarchaeota is the only phylum within TACK that has more genomes that encode
two histones than those that encode one histone (six and five, respectively). No
histone types could be identified. The AGA-loop is conserved in most korarchaeal
histones. Stacking interactions are also likely to be formed by these histones,
although the combination of residues forming a stacking interaction widely varies
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Figure 2.10: Sequence logo of the two groups of thaumarchaeal histones. A) The H52-
group, which is possibly able to form hypernucleosomes. B) The Y52-group, which is unlikely
to form hypernucleosomes. Asterisks indicate the residue at position 52. Grey bars represent
predicted a-helices. Figure made using WebLogo (224).
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in this phylum. Based on our analysis, DNA binding is likely conserved in most
korarchaeal histones. There are generally less tetramerization interactions than
in histones from other phyla, which may make tetramerization weaker in some
histones. Therefore, it is not possible to predict hypernucleosome formation based
on this analysis. Also, structural analysis proved to be inconclusive in terms of
hypernucleosome formation (TABLE 2.2).

Ca. Marsarchaeota

In the genomes of Ca. Marsarchaeota, no genes coding for histones have been
identified to date.

Thaumarchaeota

Of the 78 thaumarchaeal genomes encoding histones that were analysed in this
study, 77 genomes encode one histone. Two histones are encoded by the remain-
ing genome, and these histones are almost identical. The AGA-loop was found
in most histones. The tetramerization-related histidine at position 52, which is
well conserved in most histones throughout the domain, is in 13% of thaum-
archaeal histones substituted by tyrosine (FIGURE 2.10). Here, remarkably, the
histones with Y52 form a group that possibly are able to form stacking interac-
tions, but their weakened tetramerization interactions may affect their ability to
form hypernucleosomes. Also, histones of this group possess a short C-terminal
extension. Examination of the metadata of the genomes to which the “Y52-group’
histones belong, showed that these genomes were found at deep sea hydrothermal
vent sediments, whereas the genomes of the ‘H52-group’ histones are found in
sea water and soil samples. Since this is the only clear difference between the two
histone groups, and the Y52-group consists of a much smaller number of histones,
we will not assign them to a type, as for other phyla. The vastly different habitat
in which the organisms of the Y52-histones live, may demand for other histone
properties than the H52-histones. Since the H52Y substitution in the Y52-group
is the only element that possibly prevents hypernucleosome formation while all
other elements required for forming hypernucleosomes are in place, it is not pos-
sible to be conclusive about the hypernucleosome formation abilities based on
this sequence analysis. Structural analysis has shown that at least one member of
the H52-group likely can assemble into hypernucleosomes (TABLE 2.2).

Ca. Verstraetearchaetoa

Of Ca. Verstraetearchaeota, only three histones from three different genomes
are known. Two of those histones are identical, which effectively means that this
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analysis includes only two verstraetearchaeal histones. In these histones, the AGA
loop is conserved, and so are probably also its DNA-binding and tetramerization
properties. Prediction of the ability of verstraetearchaeal histones to form hyper-
nucleosomes is not possible, since identification of the stacking interactions via
sequence analysis is challenging for these histones.

Asgard archaea

A small number of available Asgard archaea genomes leads to a small number
of histones available for investigation. However, within this small population of
genomes we found a relatively broad range of histones per genome and histone
lengths (FIGURE 2.5A and B). The variety of lengths is partially caused by histone
truncates and histones with N-terminal tails. With a value of 9.84, Asgard archaeal
histones account for the highest average pI of all superphyla (FIGURE 2.5C). Some
histones have a pI that comes close to the pI of eukaryotic histones (>11).

Ca. Heimdallarchaeota

Of three genomes of Ca. Heimdallarchaeota in this study, one genome encodes
one histone, one genome encodes five histones and one genome encodes ten his-
tones. Although few genomes are included, the number of histones per genome
varies a lot. Additionally, three genomes were identified, which all encode one
gene product annotated as histone. However, these gene products lack all main
conserved amino acid residues, such as the HAGRKT-motif and the AGA-loop.
Other parts do show resemblance to heimdallarchaeal histones, especially to the
central a-helix, which is usually the least-conserved part of the histone. It is highly
uncertain if these gene products are really histones, and therefore they were not
included in the analysis. The pI of most heimdallarchaeal histones is very high,
with an average of 10.05. The N-terminal tail of two of the histones encoded by
Ca. Heimdallarchaeota archaeon LC_3 has been extensively discussed in this
chapter. The histones with tail have a length of 91 residues, whereas the other
heimdallarchaeal histones are between 67 and 76 residues long. Heimdallarchaeal
histones exhibit the potential interactions that are involved in DNA binding
and and tetramerization, except for the histones with N-terminal tail. They lack
the histidine of the HAGRKT-motif, which is crucial in tetramerization. The
HAGRKT-motif of other histones is conserved but in most cases the alanine is
substituted by a serine. The consequenes are not clear, but DNA binding and
tetramerization are likely not affected. In general, most heimdallarchaeal histones
likely form hypernucleosomes, since they exhibit a stacking interface and poten-
tial stacking interactions. However, H49N substitution in histones of archaeon
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LC_3 that likely express tails, may interfere with hypernucleosome formation.
Also, two histones from archaeon LC_3 (which encodes ten histones) and one
histone from archaeon J3-BM-08 (which encodes five histones) do not have an
intact AGA-loop and cannot form stacking interactions. These histones likely
cannot multimerize into hypernucleosomes.

Ca. Lokiarchaeota

Ca. Lokiarchaeota histones are possibly the group that least resembles histones
from other phyla. These histones have mostly variants of the AGA-loop and
HAGRKT-motif, and also they possess some but not all possible DNA-binding-
and tetramerization interactions that are found in most other histones. Three
lokiarchaeal genomes are included in this analysis, archaeons CR_4, GC14_75
and B53_G9, which encode four, five and six histones, respectively. Archaeon
B53_GY9 encodes three histones that are likely able to form hypernucleosomes and
archaeon CR_4 encodes one histone that probably does the same, which is sup-
ported by the structural analysis discussed in this chapter. Histones from archaeon
GC14_75 likely do not multimerize into hypernucleosomes (140), although these
histones are very dissimilar to other histones, which makes it difficult to draw
conclusions. Archaeon GC14_75 also encodes a truncated histone, which lacks
part of the C-terminal a-helix. The N-termini of histones from archaeon B53_G9
are highly positively charged, and one histone from the same genome has a short
N-terminal extension that contains three more positive charges. Also, one histone
from archaecon GC14_75 and one from CR_4 have positively charged N-termini.
The function of these charged regions remains unclear, but they may be involved
in recruitment of other proteins or may play a role in DNA binding.

Ca. Odinarchaeota

Only one histone from Ca. Odinarchaeota has been identified to date. The AGA-
loop is absent, its HAGRKT-motif is different from other histones (although the
residues involved in tetramerization and DNA binding are not affected), and its
stacking interface likely disables hypernucleosome formation. The only feature
that likely is present, is DNA binding.

Ca. Thorarchaeota

Five genomes of Ca. Thorarchaeota encoding one histone have been found. These
histones are quite different from each other. Two histones have an N-terminal tail
that does not resemble the heimdallarchaeal or eukaryotic N-terminal tails. These
histones have AKA instead of AGA at the N-terminal loop, which likely interferes
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with hypernucleosome formation. Stacking interactions were identified, as well as
DNA-binding interactions and tetramerization interactions. Two other histones
do possess an intact AGA-loop, but are missing a histidine at position 49, which
makes tetramerization and hypernucleosome formation unlikely. These histones
are able to form stacking interactions and probably can bind to DNA. The last
histone of five somewhat resembles the thorarchaeal histones with AGA-loop,
but does have a conserved H49. This histone is the most likely candidate to form
hypernucleosomes, while this is unlikely or uncertain for the other thorarchaeal
histones.

Histones in genome regulation

MNase-seq experiments have shown that histones position upstream and down-
stream of a promoter region (221). This, in combination with knock-out studies
showing both up- and down-regulation of transcription levels, leads to the
hypothesis that histones are important for transcription regulation in the relatively
well-studied phylum Euryarchaeota (117, 185, 237, 238) and may play a similar
role in other histone-coding phyla. The exact mechanisms by which histones act
in regulation are at this moment largely unknown. What is the mechanistic role
of histones in the regulation of gene expression? Is the hypernucleosome, with
a mechanism analogous to that in bacterial gene repression, able to block pro-
moter regions and other regulatory elements, thereby making them inaccessible
to the transcription machinery (239-242)? In Bacteria, such a mechanism exists
for H-NS and partition protein B (ParB) proteins, in which filaments laterally
spread from a nucleation site, often a high affinity DNA sequence (123, 243-
245). Specific high affinity sites have been identified both in vivo and in vitro in
archaea (164, 220, 221, 246). The role of such high affinity sites may be to posi-
tion the hypernucleosome on the genome and could be a key feature in archaeal
genome regulation. In archaea, cooperative lateral spreading of filaments has been
reported for Alba proteins (116, 118, 247, 248). Also, promoter occlusion mech-
anisms and competitive binding of archaeal NAPs and transcription factors have
been reported (117, 249, 250).

In addition, how dynamic are hypernucleosomes, and how does the cell control
the size of the hypernucleosome in order for it to be functional? Is up- and
down-regulation of histone expression important in fine tuning this process?
Another option for control of hypernucleosome size is heteromerization of histone
variants with different stacking propensity. Heteromerization of such histone var-
iants, for instance a histone from type A and a histone from type B from Ca.
Nanohaloarchaeota (TABLE 2.2 and FIGURE 2.9), could restrict hypernucleosome
size to fewer subunits. Distinct expression patterns of histone variants or histones
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from different types at different growth phases or as a result of environmental cues
such as osmolarity (237, 251), may alter the composition and size of the hypernu-
cleosome. However, so far, histone variants and types of histones within a phylum
or class have been poorly studied in archaea. The results of our predictions on
hypernucleosome formation clearly point out the need for in vitro and in vivo
studies explicitly addressing all of these questions.
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Conclusion

Histones from archaea and eukaryotes are similar in tertiary but not in quater-
nary structure when bound to DNA. While eukaryotic histones form octamers
on the DNA, archaeal histones form filaments of variable size: hypernucleosomes.
Important residues responsible for DNA binding, dimer—dimer interactions, and
stacking interactions are mostly conserved among archaea, including Asgard
archaea, Bathyarchaeota, and other newly discovered archaea. In these recently
discovered Archaeal phyla, histone tails and truncated histone variants were also
found. In terms of evolution, it appears that, based on fragmentary data derived
from extant lineages, the hypernucleosome has progressively become more flexible
as histones with N-terminal and C-terminal tails and additional terminal helices
(like in H2A and H2B in the nucleosome) developed. Furthermore, the appear-
ance of additional DNA-binding residues and positively charged N-terminal tails
may have increased the affinity of histones for DNA (252). These changes in dimer
structure and DNA affinity may have stabilized octameric nucleosomes and dis-
favored multimerization. Specifically, the emergence of the eukaryotic H2A-H2B
heterodimer blocked hypernucleosome formation since H2A lacks the dimer-
dimer interface, and H2B contains an additional helix at its C-terminus that
blocks the stacking interface.

The histone tails from Ca. Heimdallarchaeota are likely to function in similar
ways as those of eukaryotic histones. They are lysine rich and potentially subject
to post-translational modification, thereby possibly affecting the histone’s inter-
actions with other actors. Alternatively, they may provide stabilization of the
hypernucleosome via interactions with DNA in cis or in trans. Since it is believed
that eukaryotes share their latest common ancestor with Ca. Heimdallarchaeota,
eukaryotic histones may have evolved from the predecessors of the tail-containing
Heimdallarchaeal histones. As some histone proteins that have an N-terminal tail
(Ca. Heimdallarchaeota LC_3 HA and Ca. Bathyarchaeota archaeon B23) seem
to form less stable hypernucleosomes, these histones may represent an evolution-
ary transition towards a different mechanism of gene regulation, switching from
regulation by multimerization and compaction toward regulation by histone tail
modifications.

Although the hypernucleosome structure is suggestive of stacking interactions
between dimers in adjacent turns, experimental evidence for such interactions
has been lacking. However, we provide evidence for such interactions in chapter
4. Also, the functional role of tails, as well as truncates, has yet to be proven
experimentally. In vitro hypernucleosome reconstitution experiments and in vivo
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foot-printing assays of species expressing nonstandard histones combined with
mutation of the residues proposed to be involved in stacking interactions could
answer these questions. Lastly, the existence of post-translational modifications of
residues in archaeal histone tails, as well as their effect on transcription regulation,
remains to be discovered and would give an important insight into the evolution
of transcription regulation and genome folding from archaea to eukaryotes.
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Methods
Alignment of archaeal histone sequences

We have included histones from every histone-encoding (candidate) phylum
within the archaeal domain in our analysis. We show different histones from the
same organism if the predicted stacking properties are very dissimilar. Sequences
were aligned with Clustal Omega (253) using default parameters, removing gaps.

Sequence analysis of archaeal histones

All sequences of archaeal histones that were available on 01-01-2019 via the
NCBI protein database’. Only sequences of histones were included that had been
annotated as histones in the database, and that originate from genomes that were
assigned to a superphylum or phylum. A total of 1107 sequences were included,
which are listed in the supplemental Excel file. Histone types were identified with
the help of Clustal Omega (253) using default parameters.

Analysis of potential hypernucleosome formation

Structural analysis of the selected archaeal histones and assessment of poten-
tial hypernucleosome formation was done by inspecting the conservation of
residues that are important for multimerization in the published HMfB hyper-
nucleosome structure (197). Comparative multichain modeling was performed
in MODELLER (254) using default parameters to construct dimer models of the
archaeal histones. These models were superimposed onto HMf{B dimers in the
hypernucleosome crystal structure to assess whether alternative or additional
interactions were possible in the different archaeal histone complexes.

Model of Heimdall HA tails in hypernucleosome

The molecular model of the histone HA dimer from the Heimdallarchaeota LC_3
genome was constructed by multitemplate modeling in MODELLER (254) using
otherwise default parameters. The HMfB dimer in the hypernucleosome (197)
was used as a structural template for the histone fold and eukaryotic histone H3
and H4 as structural templates for the N-terminal tails. An initial model for the
Heimdall HA hypernucleosome was obtained by superimposing the HA dimer
model onto HMfB in the hypernucleosome crystal structure, with either an
H3-like or an H4-like tail conformation. To optimize the path of the tails through

* https://www.ncbi.nlm.nih.gov/protein
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the DNA gyres and remove major steric clashes, the HA dimer model and sur-
rounding DNA was excised from the initial model and water refined separately
using High-Ambiguity Driven Docking (HADDOCK) (255), imposing ambigu-
ous interaction restraints between HA residues 14-19 and the surrounding 3-bp
section of DNA, using otherwise default parameters.
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CHAPTER 3

Quantitation of DNA binding affinity using Tethered
Particle Motion

This chapter was reprinted by permission from Springer Nature and based on:

Bram Henneman, Joost Heinsman, Julius Battjes & Remus T. Dame, (2018) Quan-
titation of DNA affinity using Tethered Particle Motion. In: Dame, R. (eds) Bacteri-
al Chromatin. Methods in Molecular Biology vol 1837. Humana Press, New York,
NY. doi: 10.1007/978-1-4939-8675-0_14
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Abstract

The binding constant is an important characteristic of a DNA-binding protein.
A large number of methods exist to measure the binding constant, but many of
those methods have intrinsic flaws that influence the outcome of the characteri-
zation. Tethered Particle Motion (TPM) is a simple, cheap and high-throughput
single molecule method that can be used to reliably measure binding constants of
proteins binding to DNA, provided that they distort DNA. In TPM, the motion of
a bead tethered to a surface by DNA is tracked using light microscopy. A protein
binding to the DNA will alter bead motion. This makes it possible to measure
binding properties. We use the bacterial protein Integration Host Factor (IHF) as
an example to show how specific binding to DNA can be measured. Moreover, we
show a new intuitive quantitative approach to displaying data obtained via TPM.
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Introduction

Determination of binding affinity is an important part of the characterization of
DNA-binding proteins. Typically, the binding affinity is expressed in terms of the
binding constant (K). The K is the ratio of the off-rate constant, k , and the
on-rate constant, k . Operationally, the K is defined as the concentration at which
half of the substrate is bound by ligand (here: DNA and protein, respectively). For
protein-DNA binding, the K | is conventionally determined using Electrophoretic
Mobility Shift Assays (EMSA), Filter Binding Assays, and Fluorescence Anisotropy
(256-258). Additionally, Isothermal Titration Calorimetry (ITC), Surface
Plasmon Resonance (SPR) and Microscale Thermophoresis (MST) were used
(259-261). These techniques measure protein-DNA affinity in bulk, and therefore
cannot distinguish different populations of bound and unbound molecules. Some
of these techniques separate the protein-DNA complexes from solution or use
small sample volumes, thus introducing large surface areas that may influence
effective compound concentrations. Single molecule techniques such as Optical
Tweezers, Magnetic Tweezers, Acoustic Force Spectroscopy (AFS) and Atomic
Force Spectrometry (AFM) can be used to estimate the K (262, 263), but require
a high level of expertise and often expensive experimental setups. Single molecule
Forster Resonance Energy Transfer (smFRET) allows for measuring of DNA that
is not bound to a surface and/or a bead (264), but requires fluorescently labeled
DNA and protein and/or a sufficiently large and predictable conformational
change of the DNA.

Bare DNA DNA bound by protein
Reduced RMS

___— Polystyrene bead

Streptavidin
Biotin DNA substrate

Digoxygenin Surface passivation

Anti-Digoxygenin

Figure 3.1: Principle of Tethered Particle Motion (TPM). A bead is tethered to a glass surface
by DNA.The position of the bead is tracked over time. Proteins that bind to the DNA and thereby
deform it, change its apparent persistence length, which results in a change in the Root Mean
Square displacement (RMS) of the bead.

75



76

Chapter 3

Tethered particle motion (TPM) is a simple, label-free single molecule technique
that can be used to characterize DNA-binding proteins in a high-throughput
manner. The technique relies on the tracking of a bead in solution that has been
tethered to a glass surface by a DNA molecule or other macromolecule (FIGURE
3.1) (265). The bead exhibits Brownian motion, which is restricted by the tether.
In contrast to some of the above-mentioned techniques, no additional external
force is applied to the bead. The xy-positions of the bead are recorded over time
and are used to calculate the root mean square displacement (RMS) of the bead
(EQUATION 3.1). TPM has a high throughput (see NOTE 1), which makes it a pow-
erful tool to study the characteristics of DNA-binding proteins. DNA-binding
proteins that deform the DNA upon binding, change the apparent persistence
length (L ) of the DNA, a measure for rigidity, when bound, thereby altering the
RMS (266). Although the L cannot be directly calculated with TPM, the change
in RMS is a reliable measure for protein binding. TPM has been used to measure
DNA binding by architectural proteins, proteins involved in DNA replication,
transcription, DNA repair and recombination (123, 127, 267-274).

RMS = %:[(xi—x)“r(y,——j/)z] (3.1)

Equation 3.1. Calculation of the Root Mean Square displacement. x and y are the coordi-
nates of the two-dimensional position of the bead. The summation runs over all measurements
taken in the 45 second time window.

In this chapter we describe the use of TPM to measure the K | of sequence-specific
DNA-binding proteins. As an example we characterized the bacterial Integration
Host Factor (IHF) (275). IHF is a nucleoid-associated protein (NAP) that is
involved in shaping genome architecture in bacteria. IHF also plays a role in up-
and downregulation of genes (276). This function is attributed to the ability of
IHF to bend DNA and bring regulatory elements together, as well as due to direct
interactions with RNA polymerase (277, 278). IHF is known to bend DNA when
bound at its high affinity recognition sequence (279) and also bends DNA when
bound to DNA non-specifically (280). Bound at its specific site, binding angles of
120-160° have been reported (281-283).
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Materials & Methods
All materials are listed in the SUPPLEMENTARY INFORMATION section.
Parafilm semi-circles

1. Cutastrip of parafilm at a length fitting the grid of the laser cutter.

2. Remove the protection layer from the parafilm and place the parafilm
onto the grid of the laser cutter.
3. Load the template of the semi-circles in the laser cutter software of

choice. Design has to be such that two parafilm semicircles on a 28 mm
coverglass create a 6 mm wide channel. Position the parafilm so that the
template virtually overlays the parafilm.

4. Fix the parafilm on the grid with office tape.

5. Cut the parafilm (see NOTE 9).
6. Remove parafilm strip. The semi-circles will stick to the grid of the laser
cutter. Take the semi-circles off the grid individually with tweezers.
7. Store the parafilm semi-circles at 4°C to prevent sticking to each other.
Sample chambers

The following steps should be carried out with gloves, both to protect the hands
from exposure to chemicals and to keep the sample chambers free of contaminants.

1.  Place the cover glasses in the slide holder using the tweezers with
pointed tips (see NOTE 10).

2. Place the holder in a beaker and submerge in acetone. Place the beaker
in a sonication bath and sonicate for one cleaning cycle (see NOTE 11).

3. Transfer the slide holder into a new beaker and submerge the slide

holder in ethanol. Place the beaker in a sonication bath and sonicate for
one cleaning cycle.

4. Remove the holder from the beaker. Place the cover glasses on a pre-
cision wipe and dry the cover glasses by gently wiping them with
precision wipes. Turn the cover glasses over and leave exposed to air for
10 minutes to dry.

5. Using tweezers place two parafilm semi-circles in parallel on oppo-
sing sides of a 28 mm cover glass, so that a straight channel is created
(FIGURE 3.2). The parafilm should align with the glass on the round
edges. Push the parafilm firmly but carefully onto the cover glass with
the tweezers so that the parafilm adheres to the cover glass (see NOTE
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12).

Place the 35 mm cover glass on top of the parafilm-covered side of the
28 mm cover glass using tweezers, carefully centered onto the 28 mm
cover glass. Push firmly but carefully with the tweezers so that the slides
stick together.

Place the sample chamber on the hot plate (pre-heated to 100°C) using
tweezers. Cover the sample chamber with the lid and press firmly
and evenly on the lid for 10 seconds. Remove the lid from the sample
chamber (see NOTE 13).

Lift the sample chamber off the hot plate using tweezers and let it cool
down on a precision wipe. Store the sample chamber in a small plastic
storage box at room temperature.

Bead suspension

Figure 3.2:

Dilute the stock of streptavidin-coated beads to 0.01% w/v in 5 ml BB
(see NOTE 16).

Vortex thoroughly for 5 minutes.

Sonicate the bead suspension on ice for 3 minutes (active), 2.5 s on and
9.9 s off, at 25%of the maximum power of the immersion sonicator. The
total run time will be around 15 minutes. The tip of the immersion son-
icator should be submerged by roughly 3 cm. Never sonicate the bead

35mm cover glass

Flow cell

eIt parafilm

semi-circles

Flow cell
entrance

I6mm channel

28mm cover glass

Sample chamber for TPM. The sample chamber consists of two parafilm semi-circles

sandwiched between two cover glasses. The sample chamber is agglutinated by heating to

100°C.
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suspension for more than 5 minutes of active time, as this may damage
the beads and its coating.

4. Flow 30 pl of bead suspension into an empty sample chamber. Ifless than
1% of the beads is clustered, it is considered a good bead suspension.

5. Store the bead suspension at 4°C.

DNA substrate
1. Add the following components to a PCR reaction tube on ice:
Component Quantity

DNA template in 10 mM Tris pH 7.5 10 ng

Biotinylated forward primer 25 pmol

Digoxygenin-labeled reverse primer | 25 pmol

Phusion master mix 25 ul
DMSO 1.5ul
Milli-Q To total volume of 50 pl

2. Place the PCR reaction tube in the thermal cycler and use the following
touchdown protocol (see NOTE 14):

Temperature Duration | Cycles
98°C 30s

98°C 10s —
72°C (-1°C per cycle) | 20s 15x
72°C 60 s —
98°C 10s -
57°C 20s 25x
72°C 60 s —
72°C 600 s

12°C oo

3. Purify the PCR product using a PCR clean-up kit (see NOTE 15).

4. Run 2 pl of PCR product on a 1% agarose gel, pre-stained with GelRed,
alongside a suitable DNA marker. Verify the length of the DNA sub-
strate and estimate the concentration using a spectrophotometer. Store
the DNA substrate at -20°C at a concentration of 100-500 pM.
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Anti-digoxygenin solution

Dissolve 200 pg of anti-digoxygenin in 1 ml of BB.

Aliquot per 20 pl and store the anti-digoxygenin at -20°C.

When using the anti-digoxygenin solution, thaw an aliquot and dilute
10 times with BB.

DNA-tethered bead in sample chamber

10.

Take a clean sample chamber and flow in 20 pg/ml anti-dig solution by
holding the tip of a pipette against the opening on the right side of the
sample chamber at a 45° angle and carefully pressing the plunger button
(see NOTE 17). Incubate 10 minutes at room temperature.

Wash the sample chamber with 100 pl passivation solution and incubate
for 10 minutes at room temperature. The excess liquid flowing out of the
sample chamber is collected using Whatman paper. This promotes an
undisturbed and uninterrupted flow in the channel.

Wash the sample chamber with 100 ul BB (see NOTE 18).

Flow in 100 ul 100 pM DNA substrate (see NOTE 19). Incubate for 10
minutes at room temperature.

Wash the sample chamber with 100 ul BB.

Pipette the bead suspension stock up and down and flow in 100 pl bead
suspension. Incubate for 10 minutes at room temperature.

Wash the sample chamber with 100 ul EB.

Flow in 100 pl protein solution, diluted to the desired concentration in
EB. Incubate for 10 minutes at room temperature.

Wash the sample chamber with 100 pl protein solution of the same con-
centration as in step 8.

Seal the sample chamber on both sides by applying nail polish to the
opening of the sample chamber. When the nail polish is dry, the sample
chamber is ready to be used.

Dilution series

Calculate a dilution series with a range from 0 to 1000 nM using twofold
dilution steps (see NOTE 20). Determine the concentration range in
which DNA binding is to be expected. Literature values can be used if
available; if not, preliminary experiments may be required.

Dilute a protein stock aliquot to a concentration that can be used to
make further protein dilutions with EB (see NOTE 21). Store this stock
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on ice (see NOTE 22).

Using the working stock, make a dilution series by diluting part of the
working stock with EB to the desired concentration. Dilute part of this
sample with EB in order to create the next sample (see NOTE 21). Store
samples on ice (see NOTE 22).

Measure at least two, but preferably three dilution series (see NOTE 23).

Imaging

NI S

An hour before imaging, turn on the lamp and the heating stage.

Place immersion oil on the objective and start imaging software.

Place a sample chamber in the sample chamber holder.

Raise the objective until the beads are in focus (see NOTE 24).

Close the isolation chamber. The temperature of the chamber and the
objective will now rise to a set temperature (see NOTE 25).

Re-focus on the beads and ensure that no focal drift is observed (see
NOTE 26).

Select a field of view by moving the stage of the microscope. Select the
beads and track them for at least 1500 frames. Images are taken at 25 Hz,
with an exposure time of 20 ms. At least 100 ‘good’ bead-tether combi-
nations are needed for quantification after quality check (explained in
‘Data analysis’; see NOTE 27).

Use the tracking software to determine x- and y-positions of the beads
(see NOTE 8).

Data analysis

Calculate the anisotropic ratio (EQUATION 3.2), the root mean square
displacement (RMS) and the standard deviation of the RMS for all
measurements at a given concentration combined (see NOTE 28).
Discard tethers with an anisotropic ratio of above 1.3. Discard measure-
ments with a standard deviation of the RMS larger than 6% of the RMS.
We thereby exclude beads sticking to the surface during the measure-
ment (see NOTE 29).

Plot all RMS values that meet the requirements as explained in step 1 in
a histogram.

Fit a Gaussian curve to the histogram to determine the average RMS
and standard deviation for each condition.

Calculate the standard error of the mean for each condition.
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_ lmujar
a=T (3.2)
minor
Equation 3.2: Calculation of the anisotropic ratio (a). | and | represent the length of

major minor

the major and minor axis of the xy-scatter plot, respectively.
Analysis of specific protein-DNA binding

L. Determine the RMS of the DNA-tethered bead in the absence of protein.
This is the position of the peak in the Gaussian fit at 0 nM (FIGURE
3.3A).

2. Determine the RMS at saturation levels of specific binding. This is the
concentration at which the peak seen at 0 nM has completely disap-
peared and a peak at a different RMS has appeared (FIGURE 3.3F).

3. Concentrations at which two peaks are observed, represent a situation
in which a subpopulation of the DNA is bound by protein (FIGURE
3.3B-E).

4. For the concentrations at which subpopulations of bound and unbound

states can be observed, calculate the occupancy (EQUATION 3.3).
Occupancy is the ratio between bound and unbound DNA substrate.

5. Find the K and Hill coefficient (n) by solving the Hill binding model
(EQUATION 3.4) for K and n (see NOTE 30).

6. Fit the occupancies using the Hill binding model (FIGURE 3.4; see NOTE
31). Use graphing and data analysis software to display the occupancies
per concentration and the Hill fit in a graph.

9 _ h peak, bound

(3.3)
hpeak, bound + hpeak, bound

Equation 3.3: Calculation of occupancy. The occupancy is the fraction of substrate bound by
protein and can be calculated from the area of the peaks of the fitted Gaussian distributions.

1

0=

Ky Y

D +1 (3.4)
([L]>

Equation 3.4: Hill binding model. Occupancy 6, binding constant K, ligand concentration [L],
Hill coefficient n.
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A 0 nM IHF B 1.25 nM IHF C 2.5 nM IHF
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Figure 3.3: Specific binding of IHF to DNA at 0-10 nM. A-F: histograms of RMS values obtained
for DNA-tethered beads at IHF concentrations of 0, 1.25, 2.5, 5, 7.5 and 10 nM. The histograms
have been fitted with a Gaussian function in KaleidaGraph (black, semi-opaque line).

Example of KD estimation for DNA-binding protein IHF

We used IHF as an example to illustrate how to characterize specific DNA-binding
proteins. In our example, we observe a reduction in RMS at low (1.25 nM) IHF
concentrations from 149 nm to 127 nm (FIGURE 3.3). This reduction in RMS is
caused by DNA bending as a consequence of IHF binding at its specific binding
site (see NOTE 32). Saturation of specific binding is achieved at 10 nM, the con-
centration at which only the population with reduced RMS is observed. Fitting
the data using the Hill binding model (x*: 4.6) yields a binding affinity (K) of 3.0
+ 0.3 nM, which is in agreement with values reported using EMSA on different
variants of the binding consensus sequence (284). A Hill coeflicient (n) of 2.5 +
0.5 was found. A Hill coefficient >1 indicates positively cooperative binding; n<1
indicates negatively cooperative binding (see NOTE 33).

Data representation
TPM is a single molecule method with a high throughput. As a consequence data

are often reported in terms of an average RMS value. However, displaying the full
population of RMS values can be insightful to illustrate distribution shape and
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Figure 3.4: Binding curve for specific binding of IHF to DNA. The data points were fit using
the Hill binding model. The Hill coefficient (n) is 2.5 £ 0.5, and the binding affinity (K ) is 3.0+ 0.3
nM. Error bars represent the standard error of the mean.

population heterogeneity. The new representation approach presented here accom-
modates both average values, as well as unprocessed population information.

L. Plot all data points as black squares using the graphing and analysis

software.

2. In the same plot, include the values of the average RMS at all concentra-
tions and display in a color different from that of the data points.

3. Export the plot as a vector image.

Open the plot in Adobe Illustrator and select all black squares. Change
the opacity from 100% to 5% (FIGURE 3.5; see NOTE 34).

In our example, specific and non-specific binding by IHF can be observed. Specific
binding of IHF is observed between 0 and 10 nM, where the RMS decreases
from 149 £+ 5 nm to 127 + 5 nm and is characterized by the two populations.
Intensity profiles of the populations are equivalent to the histograms of FIGURE
3.3. In the non-specific binding regime, at IHF concentrations >30 nM, we find a
single population of which the RMS continues to reduce as a function of IHF con-
centration up to 400 nM. This further reduction in RMS is reduced to sequence
unspecific binding of the protein. At concentrations >400 nM the RMS increases,
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Figure 3.5: Compaction of DNA by IHF. Black, partially transparent squares represent the
individual RMS values of DNA-bead complexes after application of anisotropic ratio and
standard deviation of the RMS as selection criteria. Red dots and bars represent the average
RMS that resulted from fitting with a Gaussian function.
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which is attributed to stiffening of DNA by IHF bound at high density along the
DNA, similar to the effects of observed for the HU protein (285).
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Notes

1)

2)

3)

4)

5)

6)

7)

8)

Up to 100 beads were measured for 1 minute.

A custom made hot plate was used to heat the sample chambers. The
hot plate is made from a circular massive metal block in which a shallow
cavity is carved (diameter 35 mm). A sample chamber fits into the cavity.
A metal lid (diameter 35 mm) with a plastic handle covers the sample
chamber. The hot plate is placed on a heating block and heats the sample
chamber to 100°C.

Nitrile gloves were used, as the powder that is often found in rubber
gloves may contaminate the sample chamber.

As a template the plasmid pGp1 was used (286), which contains part of
the bacteriophage mu genome. A 685bp fragment that contains 1 IHF
binding site exactly at the center was amplified, which is expected to
result in the highest effect on end-to-end distance (283). Our experience
is that a DNA substrate in the order of 700 bp is ideal, as protein binding
results in a clearly detectable change in RMS.

The forward and reverse primers that we used are 5° BIO-TGATT
AAGGTTGTGGTTAATTTGTTTATCAGTTCCG 3’ and 5 DIG-
ATTACTTCCGGTTTAGTTTCTAAGGCG 3.

The experimental buffer containined 10 mM Tris-HCI pH 8.0 and 100
mM KCl, which is suitable for specific binding of IHF (287). The osmo-
larity of the buffer should be sufficiently high to prevent non-specific
binding of specific binding proteins. A different protein of interest may
require buffer optimization.

Recombinant THF at a concentration of 120 uM was used here. This
stock was diluted 100-fold at minimum. The number of freeze-thaw
cycles was minimized by aliquoting the protein stock, to guarantee
protein activity.

Software written for Acoustic Force Spectrometry was used (288),
which is freely available online’. Other particle tracing software has
been described and compared by Chenouard et al. (289). Our lab also

http://figshare.com/articles/ AFS_software/1195874
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10)

11)

12)

13)

14)

15)

16)
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has positive experience with PolyParticleTracker (290).

Here, the computer-aided design software AutoCAD was used to design
the cutting template in combination with the VersaLaser tabletop Laser
cutter. We cut the parafilm at 55% laser power, 30% of the maximum
speed, 1000 pulse and 1.00 mm Z-axis. Different laser cutters may
require different settings, allowing the parafilm to be cut straight and
without melting or burning.

Ensure that each slot is occupied by only one cover glass. The cover
glasses tend to stick together, which prevents them from being cleaned

properly.

For sonication of the glass slides, the Emag EMMI 4 sonicator was used,
which is pre-programmed in cycles of 9 minutes at 42.5 kHz.

Note that the parafilm leaves grease marks on the cover glass, so avoid
sliding after placing them.

Heating the sample chamber for too long may result in excessive melting
of the parafilm, which causes a non-straight sample chamber. This pre-
vents a good flow in the sample chamber. As a result, coating of the
surface with anti-digoxygenin and/or passivation agent may be hetero-
genous, which reduces throughput and results in lower effective protein
concentrations. Especially experiments at low concentration may then
suffer from reduced reproducibility.

Conventional protocols with fixed annealing temperatures may be
used as well, but need to be individually optimized for different
primer-template combinations and synthesized fragment lengths.

Purification using the GenElute PCR clean-up kit separates the PCR
product from other components that were added to the reaction tube
to facilitate the PCR reaction, such as excess primers, nucleotides and
salts. The result of this purification is the labeled DNA-substrate in 10
mM Tris-HCI pH 8.5 (provided with the kit).

The bead stock is vortexed and sonicated to homogenize the suspen-
sion. Beads tend to stick together, which will distort measurements.
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17)

18)

19)

20)

21)

22)

23)

Check if the sample chamber has no cracks in either of the cover glasses,
as defects may create a flow inside the sample chamber while measur-
ing. This will affect the RMS by giving it a directional bias. Also, check
if the channel is straight; see FIGURE 3.3. Left-handed people may prefer
using the opening on the left side of the sample chamber for sample
loading.

The volumes used for washing depend on the volume of the sample
chamber. As a rule of thumb, we wash with approximately three times
the volume of the sample chamber.

The DNA substrate concentration is 100 pM, but when we find that this
concentration is not sufficient for a particular experiment, we raise the
concentration up to 500 pM.

A dilution series with concentrations from 0 to 1000 nM is used, with
twofold dilution steps. Based on results and literature values, an addi-
tional range and/or different dilution steps may be used, which may
result in a more reliable calculation of the K.

When measuring many samples, consider breaking up the dilution
series in two or more overlapping ranges. Here, we diluted a 120 pM
IHF stock to a working stock of 1.2 uM. From that, we made a serial
dilution which included IHF concentrations of 800, 400, 300, 200, 150,
100 and 50 nM: the high range concentrations. For the low range con-
centrations, we diluted the 1.2 uM working stock directly to 50 nM,
from which we subsequently made a serial dilution which included IHF
concentrations of 30, 20, 15, 10, 7.5, 5, 2.5 and 1.25 nM. We verified that
the RMS values at 50 nM from the high range dilution series were iden-
tical to the RMS values at 50 nM from the low range dilution series. We
also measured the RMS in the absence of IHF, indicated with 0 nM.

Do not freeze the protein solutions, since the activity of the protein may
be affected.

For reliable results and to minimize the effect of pipetting errors,
experiments should be carried out at least in duplicate, but preferably
in triplicate, and independently from each other. Especially when the
concentration range over which binding takes place is narrow, small
changes in sample concentrations can be of significant influence on the
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25)

26)

27)

28)

29)

30)

31)
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outcome of the binding curve.

Due to a sedimentation effect, there may be a slight difference in RMS
between beads tethered to the bottom surface and beads tethered to the
top surface. Therefore, always choose the same surface for measure-
ments. Also, the focus for top and bottom surface may differ.

It may take 5 to 20 minutes, depending on the temperature, before the
isolation chamber has completely reached the desired temperature.

While the temperature of the immersion oil on the objective rises, the
refractive index of the oil changes slightly. As a result, focal drift is
observed. Wait until the immersion oil has reached the desired temper-
ature and then refocus. When no focal drift is observed, the immersion
oil has the desired temperature.

At least 100 good bead-tether combinations are needed, but the actual
amount of measured bead-tether combinations to reach this limit may
differ. For IHE 300 measured bead-tether combinations always resulted
in more than 100 good combinations. The amount of bead-tether com-
binations that need to be measured, depends on the protein that is used.

Verify that individual experiments done at the same concentration give
similar outcomes. If so, RMS values can be combined and can be fitted
together. If one measurement is a clear outlier due to a known cause,
discard the measurement. In other cases, re-measure the sample and
check if the results align with any previous measurements.

Discard any bead with an anisotropic ratio >1.3, which is considered
non-symmetrical. Non-symmetrical beads indicate for example that
a bead is attached to two DNA tethers. An extensive study that links
motion patterns to setup defects has been done by Visser et al. (291)
Also discard any bead with a standard deviation of the RMS of >6%,
since this indicates rapid protein dissociation and sticking and/or
releasing of the bead to or from the sample chamber surface.

The Hill equation can be solved using IGOR Pro, which was done here,
but MatLab and other data analysis programs are also suitable for this.

As error bars, the standard error of the mean of the individual measure-
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32)

33)

34)

ment series per concentration has been used.

If desired, the effective persistence length of the DNA can be determined
for a single protein bound to DNA, which could be used to calculate
the DNA bending angle as described by Kuli¢ and coworkers (266).
However, this requires an extensive simulation series, which reveals the
relation between RMS and L . The simulations are highly dependent on
the length and sequence of the DNA substrate, buffer conditions and
temperature of the experiment. This means that for every experiment
in which one or more of these parameters is changed, a new simulation
series is required. The simulations have been described by Driessen et
al. (292).

Here, the Hill coefficient is 2.5, which indicates positively cooperative
binding. However, in this example, only one IHF dimer binds to DNA.
The apparent positively cooperative binding is possibly a result of the
dimeric nature of the protein. Both components of the dimer have to
bind to the DNA in order to bend the DNA.

For representation of all data points, squares are most suitable, because
squares are easy distinguishable when data points overlap. Circles
may make it harder to distinguish individual data points in the plot.
The opacity that suits your data best depends on the number of data
points. When using more data points than shown in the example, it may
be useful to use a lower opacity. The Gaussian distribution of the data
points should be visible from the intensity of the combination of data
points.
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Supplementary information
Parafilm semi-circles

Parafilm

Office tape

Laser cutter

Computer-aided design (CAD) software (for example AutoCAD or
CorelDRAW)

5. Tweezers

Lol

Sample chambers

Round cover glass, diameter 35 mm (VWR)

Round cover glass, diameter 28 mm (Thermo Scientific)

Parafilm semi-circles (see above)

Cover slip rack (Diversified Biotech)

Ethanol

Acetone

Beaker

Sonication bath

Heating block, capable of heating up to 100°C, with hot plate for 35
mm cover glasses (see NOTE 2)

10.  Tweezers with pointed tips

11. KIMTECH SCIENCE* precision wipes tissue wipers (Kimberly-Clark)
12.  Nitrile gloves (see NOTE 3)

13.  Whatman paper

0 XN

Bead suspension

1. Streptavidin-coated polystyrene beads, diameter 0.44 pm (Kisker
Biotech)

2. Immersion sonicator with fine tip

3. Bead buffer (BB) (10 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM
EDTA pH 8.0, 1 mM DTT, 3% glycerol, 100 pg/mL BSA-acetylated
[Ambion])

4. Vortex
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Anti-digoxigenin solution

1.
2.

Anti-digoxigenin (anti-Dig) polyclonal antibodies 200 ug (Roche)
Bead buffer (BB) (see above)

DNA substrate

© N e

Template for DNA substrate containing the binding site of interest.
PCR amplification with compatible primers should yield a substrate of
desired length and sequence (see NOTE 4).

Biotinylated forward primer, 10 uM in 10 mM Tris, pH 7.5, designed to
be compatible with the template (see NOTE 5)

Digoxygenin-labeled reverse primer, 10 pM in 10 mM Tris, pH 7.5,
compatible with the template (see NOTE 5)

Phusion master mix (New England Biolabs)

DMSO

Milli-Q

GenElute PCR clean-up kit (Sigma Aldrich)

PCR reaction tubes

Biorad C1000 Thermal Cycler

Substrate quality control

Ll

Agarose gel, 1% in Tris/Borate/EDTA (TBE) buffer

GelRed nucleic acid gel stain (Biotium)

GeneRuler DNA marker

Spectrophotometer to measure DNA concentrations (Nanodrop,
Qubit, SimpliNano or comparable device)

Sample chamber reagents

1.

Bead buffer (BB) (see above)

Anti-digoxigenin solution

Passivation solution (4 mg/ml Blotting Grade Blocker [Bio-Rad] dis-
solved in SB)

Experimental buffer (EB) suitable for protein binding (see NOTE 6)
Protein of interest, preferrably at high concentrations to avoid as much
as possible components of the protein storage buffer on the EB (see
NOTE 7)
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Imaging
1. Isolation table
2. Inverted microscope (Nikon Diaphot 300) (FIGURE S3.1)
3. 100x oil-immersion objective (NA 1.25)
4, Immersion oil for microscopy (Merck)
5. Heat chamber (Bioscience tools TC-HLS-025 heating element for

heating of the objective and a custom sample chamber heating element
consisting of 40 parallel resistors); Pt100 sensors attached to the sample
chamber holder and the objective, and two SA200 PID digital tempera-
ture controllers)
6 Climatized room
7. Isolation box
8
9

Thorlabs CMOS camera DCC1545M
. Lens paper
10.  Nacre-free nail polish
11.  Particle-tracking software (software available online (288); see NOTE 8)

(0

tethered bead

Sample chamber
¢ ¢ ¢

e
Chamber holder
Stage

Objective

=

Temperature controllers

Figure S3.1: Schematic of the Tethered Particle Motion setup. The sample chamber is heated
by two heating elements, one placed in the sample chamber holder and one on the objective.
An isolation box covers the stage, sample chamber and heating elements. Schematic is not to
scale.
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Data analysis and representation

1. Computer

2. Custom MatLab routine for calculating RMS, standard deviation of the
RMS and anisotropic ratio. The routine also selects the beads that meet
the requirements for reliable beads (see ‘Data analysis’ in the METHODS
section)

3. Graphing and data analysis software, such as KaleidaGraph, Origin or
IGOR Pro

4. Adobe Illustrator
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CHAPTER 4

Mechanical and structural properties of archaeal
hypernucleosomes

This chapter is based on:

Bram Henneman’, Thomas Brouwer’, Clara van Emmerik, Ramon A. van der
Valk, Mandy Erkelens, Monika Timmer, Nancy Kirolos, Hugo van Ingen, John
van Noort & Remus T. Dame. Mechanical and structural properties of archaeal
hypernucleosomes. Submitted.

* These authors contributed equally
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Abstract

Many archaeal species express homologues of eukaryotic histones H3, H4, H2A
and H2B, which organize the genome and play a key role in gene regulation.
The structure and function of archaeal histone-DNA complexes remain largely
unclear. Recent X-ray crystallography studies of Methanothermus fervidus histone
HMIB bound to DNA fragments shows formation of hypernucleosomes consist-
ing of DNA wrapped around an ‘endless’ histone-protein core. Such a structure is
in line with observations suggesting that histone-DNA complexes consisting of an
integer number of dimeric units of archaeal histones are formed in vivo. However,
whether such a hypernucleosome structure assembles on a long DNA substrate
and which interactions provide for its stability, remained unclear.

Here we describe micromanipulation studies of complexes of the M. fervidus
histones HMfA and HMfB in solution. Our experiments show that hypernucleo-
some assembly results from cooperative binding of histones to DNA, facilitated
by stacking interactions between neighboring histone dimers. Furthermore,
rotational force spectroscopy demonstrates that the HMfB-DNA complex is
left-handed, but that torque can drive it in a right-handed conformation. The
structure of the hypernucleosome is thus dependent on stacking interactions and
force. Electrostatic interactions facilitate ionic modulation of structural plasticity,
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and torsional plasticity allows for absorption of supercoiling. Therefore, stack-
ing interactions, differential behavior of different histones, and force-dependent
handedness imply an important role for archaeal histones as transcription regula-
tors, responsive to environmental changes.

Significance statement

Histones play an important role in genome compaction and gene regulation
of Eukaryotes. Archaea also express histones, but they lack a key feature of the
eukaryotic histone: the N-terminal tail, important in eukaryotic transcription
regulation. Archaea are highly relevant as they are one of the main pillars of life,
and the role of archaea as a link between the last universal common ancestor
in life on earth (LUCA) and Eukaryotes becomes more unequivocal. With no
N-terminal tail, archaea must have an alternative way of modulating DNA acces-
sibility. We investigated how archaeal histones compact DNA. Its mechanisms of
compaction are suggestive of primordial bacterial-like transcription regulatory
mechanisms preceding eukaryotic regulatory mechanisms.
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Introduction

Dynamic genome organization is a prerequisite for a compact yet active genome
throughout all domains of life. Eukaryotes use histones, which wrap DNA into
nucleosomes to compact and functionally organize their genomes. These histones
have N-terminal tails that can be post-translationally modified, changing their
physico-chemical properties, which is key in defining the functional chroma-
tin state (293). Current views on evolution agree that eukaryotes are part of the
branch of archaea, which are single-cellular organisms that share many cellular
mechanisms with Eukaryotes (3, 10, 47, 294). Most archaeal species express rudi-
mentary homologues of eukaryotic histones with the characteristic histone fold
(13, 177, 295), but lack the N-terminal tail (140, 186, 296-298). In addition to
histones, archaea express other small architectural proteins, nucleoid-associated
proteins (NAPs). These NAPs are also involved in genome organization and may
complement and compete with histones to regulate genes (299, 300).

The prototypical archaeal histones are HMfA and HMfB from Methanothermus
fervidus (193). HMfA and HMfB are homologues of eukaryotic histones in terms
of sequence and structure (140). HMfA and HMB share 84% sequence identity.
These proteins are expressed at varying ratios as a function of growth phase (251).
Although estimates of absolute expression levels of individual histones are lacking,
HMISA is prevalent during exponential growth (1.5x the amount of HMfB), and
present in equal amounts as HMfB during stationary growth (251). This might
imply that these proteins have evolved different DNA-binding properties — and
correspondingly distinct functions - in the cell. HMfA and HM{B are capable of
forming homo- and heterodimers, which subsequently can form larger structures
(171, 251, 301, 302). The binding of HMf dimers to DNA results in bends in DNA
at low protein concentrations, and has been reported to yield “beads on a string”
nucleosome-like structures at higher protein to DNA ratios (193). HMf proteins
bind preferentially to intrinsically curved DNA sequences in vitro (303). There
is currently no evidence of the existence of specific DNA sequence signatures
enhancing histone binding in vivo, although studies in Methanothermobacter
thermautotrophicus and Thermococcus kodakarensis indicate that histone posi-
tioning favors repetitive motifs of AT and GC base pair steps (221). These motifs
facilitate the distortion needed for DNA wrapping. Systematic evolution of
ligands by exponential enrichment (SELEX) experiments have yielded two high
affinity DNA-binding sequences for HMfB in vitro (164). Binding of HMf pro-
teins to this sequence yields nucleosome-like structures, in which 60 bp of DNA
is proposed to be wrapped around a tetrameric protein core composed of two
interacting HMf dimers (160). Here, we will refer to the DNA compaction mode
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of HMf proteins as wrapping, even when the DNA is wrapped less than one turn.
The histone tetramer model is supported by micrococcal nuclease (MNase) diges-
tion studies of chromatin from Haloferax volcanii, which yield undigested DNA
fragments 60 bp in size (220, 221). However, the histone tetramer model has been
challenged by the results of similar studies in T. kodakarensis, which yield DNA
fragments ranging from 30 - 450 bp in 30 bp increments (165). The sizes of these
DNA fragments were interpreted as reflecting the existence of histone multimers
of varying sizes bound along the genome. A notable recent crystallography study
of HMIB on 90 base pair DNA fragments supports the formation of a multimeric
histone filament established by interactions between adjacent histone dimers
and of wrapping of DNA fragments around an endless protein core, creating a
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Figure 4.1: The hypernucleosome and Methanothermus fervidus histones HMfB and HMfA.
A) The HMfB hypernucleosome structure as described by Mattiroli et al. (PDB: 5T5K (27)). Figure
taken from Henneman et al. 2018 with permission (28). B) Hypernucleosome interfaces of HMIfB
(left; water-refined and starting from the 5T5K structure) and HMfA (right; water-refined and
starting from the homology model). Top panels show the stacking interface, bottom panels
show the tetramer interface. Interacting residues are labeled; hydrogen bonds are shown by
dashed lines. Important residue differences between HMfA and HMfB are colored in orange.
The closely packed residues G16 in the stacking interface are shown in yellow spheres (Ca
only). C) Sequence alignment of HMfA and HMfB. Conserved residues are shown in black boxes,
conservative changes in grey and non-conservative changes in white boxes. Residues are num-
bered according to HMfB sequence. The two sequences are 84% identical and have 94% similar-
ity. Residues directly contacting the DNA are indicated with diamonds (), residues forming the
tetramerization interface are marked with asterisks (*) and stacking residues are indicated with
triangles (A) for HMfA (top) and HMfB (bottom). Differences in interacting residues between
HMfA and HMfB are indicated with red symbols. Important residue differences between HMfA
and HMfB are colored in orange and G16 residues are shown in yellow, matching panel B.
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quasi-continuous superhelix (FIGURE 4.1A) (197). This structure is referred
to as the hypernucleosome (134). The hypernucleosome is left-handed like the
eukaryotic nucleosome, although it has been reported that archaeal histones can
accommodate both left- and right-handed wrapping configurations (171, 304,
305). It was proposed that hypernucleosomes are not just held together by inter-
actions between adjacent dimers, but also by stacking interactions between the
layers of dimers within the hypernucleosome (FIGURE 4.1B, C) (134). The dispa-
rate findings from H. volcanii and T. kodakarensis, as well as the crystal structure,
indicate that molecular insights into the role of histones in archaeal chromatin
organization are important for understanding archaeal genome compaction.

In this study, we provide direct evidence of hypernucleosome formation in solu-
tion and of its capability of transitioning in handedness. The hypernucleosomes
formed by HMfA and HMfB homodimers exhibit subtle differences in amino
acid composition, resulting in different stacking energies. This underlies different
structures of the hypernucleosome, which may be the key to a mechanism for
transcription regulation in archaea.
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Results
Both HMfA and HMfB cooperatively compact DNA

To determine the degree of DNA compaction by HMfA and HMfB, we per-
formed Tethered Particle Motion experiments (TPM) (195). Here, the Root Mean
Squared displacement (RMS) of a bead connected to a surface-attached DNA
tether provides a quantitative readout of DNA conformation (FIGURE S4.1A). We
investigated the binding of HMfA and HMIB to a 685 bp DNA molecule contain-
ing a random, naturally occurring sequence (see MATERIALS AND METHODS).
We observed an abrupt and drastic reduction in RMS of the DNA tether over
a narrow concentration range during titration of both proteins, which indicates
that DNA compaction by both HMfA and HMIfB is highly cooperative. Such
cooperativity is due to either direct protein-protein interactions or facilitated pro-
tein-DNA binding through structural effects of adjacently bound HMfA or HM{B
proteins (171, 306) (FIGURE 4.2).
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Figure 4.2. Both Methanothermus fervidus histone proteins HMfA and HMfB drastically
and cooperatively compact DNA in Tethered Particle Motion experiments. Root mean
square displacement (RMS) excursion of the bead for HMfA and HMfB on a DNA substrate is
shown as a function of protein concentration. Dashed lines are to guide the eye. Error bars indi-
cating the standard error of the data points (N>100) are mostly hidden behind the data points.
In grey, saturation levels of the bacterial NAP HU and archaeal NAPs Sso10a1 and Cren7 — which
are known to organize and compact DNA - are indicated, as reported by Driessen et al. 2014,
Driessen et al. 2016 and Driessen et al. 2013 (33-35).

103

4




104

Chapter 4

As a dimer, HMf proteins bend DNA by partial wrapping to an angle that is
similar to those induced by DNA-bending proteins such as the bacterial NAP HU
and the archaeal NAPs Cren7 and Ssol0al (125, 127, 193, 292, 307, 308). These
proteins reduce the RMS on a substrate of equal length from 150 to 110-120 nm at
saturating protein concentrations (127, 292). A much stronger reduction in RMS
down to ~70 nm was observed for HMfB and ~75 nM for HMfA. The extent of
this change cannot be explained by DNA bending induced by individual HMfB
dimers. The high degree of DNA compaction together with the pronounced
binding cooperativity suggests adjacent packing of HMfB (and HMfA) proteins
that together wrap DNA. By determining the maximum deflection of the bead
in TPM, we found an end-to-end distance of 24 + 4.7 nm for the HM{B-DNA
complex at saturating protein concentrations for this specific DNA substrate
(FIGURE S4.1). This number agrees with the theoretical end-to-end distance of
the hypernucleosomal structure observed in the crystallography studies (197).
Both histones bind to DNA in a cooperative manner, with HMfB showing a more
pronounced cooperative binding than HMfA. Differences in the stacking inter-
face or tetramerization interface of HMfA and HMfB may underlie the difference
in DNA compaction (FIGURE 4.1B and C).

HMTfB organizes long DNA tethers into endless hypernucleosomes

The mechanical stability of the hypernucleosome was investigated by force spec-
troscopy. HMfB hypernucleosomes were reconstituted in vitro on a torsionally
unconstrained DNA construct, at 100 nM HM{B, well above the K. Hence, we
expect full coverage of the DNA. Force spectroscopy revealed a characteristic
unfolding response to low-high-low force cycling (FIGURE 4.3A and B). Binding
of HMIB resulted in a large compaction of the DNA. The absence of hysteresis at
the low force regime (<50 pN) indicates that the manipulation of the HM{B-DNA
complex occurs in thermodynamic equilibrium: stretch-release cycles could be
repeated multiple times without qualitative change to the data. The force exten-
sion curve of the HMfB-DNA complex shows three regimes of extension (FIGURE
4.3A). In regime I, at forces below 1 pN, the force-extension curve features a small
extension and high stiffness. In regime II, between 2 and 10 pN, the tether is
longer and appears to be less stiff than in regime I. In regime III, at forces above
20 pN, the extension of the complex follows that of bare DNA, which is stiffer than
the complex in regime II. Most of the force extension curve of the HMfB-coated
DNA could be captured in these three regimes, and we interpret the more hori-
zontal parts as transitions between these regimes.

We modeled the two most extended structures, in force regime II and III, with
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the kinked and regular worm-like chains (WLCs), respectively. In regime III the
complex followed the force-extension behavior of bare DNA with a persistence
length of 50 nm. For regime II, we fitted a persistence length of approximately
4 nm, suggesting a much more flexible tether. The most compacted structure,
regime I, could not be modeled by a WLC and shows a linear extension between
0.1 and 2 pN. We used the linear part of a freely-jointed chain (FJC) to describe
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Figure 4.3: Force spectroscopy experiments on the hypernucleosome reveal stronger
stacking in HMfB tethers than in HMfA tethers. Red: HMfA; blue: HMfB; yellow: bare DNA.
A) Force spectroscopy on a HMfB-DNA complex at 100 nM of HMfB and a bare DNA molecule
reveals three levels of compaction. We fitted these to a freely-jointed chain (FJC) (1), kinked
worm-like chain (WLC) (Il), and WLC (lll). The release curves overlapped with the stretch curves,
which indicates that HMfB-DNA the stretch-release cycle was in equilibrium. B) Comparison
between HMfA hypernucleosomes and HMfB hypernucleosomes. The WLC model for bare DNA
was added as a reference (dashed black line). The free energy for dimer stacking and DNA wrap-
ping was extracted by fitting the unfolding model (black lines). C) Cartoons of three states of
the HMfB-DNA complex corresponding to the model fit in A, with representative compaction,
illustrating the 7-fold compaction of the hypernucleosome compared to bare DNA. D) Histo-
gram of stacking energies of HMfA and HMfB. E) Histogram of occupancy of DNA by HMfA and
HMfB dimers. F) Mean stacking energy, wrapping energy and dimer occupancy, with standard

deviation (SD).
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this regime of the force-extension curve.

The mechanical properties of the complex in these three force regimes suggest
three different structures of the tether. Stacking of HMfB dimers into a hyper-
nucleosome would create a relatively stiff structure that can only be stretched
to a limited extent without breaking the protein-protein stacking interactions.
Based on the crystal structure of the HMfB hypernucleosome (197), we expect a
maximal extension of 4 nm per dimer for the most condensed structure (FIGURE
4.3C, I). When the stacking interactions are broken due to excessive force, indi-
vidual dimers may remain bound to the DNA. Such a structure would have a
much larger extension per HMfB dimer than the stacked hypernucleosome. If
all DNA-protein contacts remain intact, the structure follows a highly curved
DNA trajectory (FIGURE 4.3C, II). Such curved DNA corresponds to a decrease
of the apparent persistence length (285, 309), which is consistent with the
observed force-extension relation in regime II. Increasing the force further breaks
protein-DNA interactions to yield an unperturbed DNA trajectory (FIGURE 4.3C,
III), which would have similar mechanical properties as bare DNA. Indeed, at
forces larger than 20 pN the force-extension curve overlaps with that of DNA.
Thus, the experimental force-extension curves suggest a two-step transition from
a hypernucleosome into a fully stretched DNA tether.

For a more quantitative analysis we developed a statistical mechanics model that
includes the transitions between the three structures, as described in materials and
methods. In analogy with the forced unfolding of eukaryotic chromatin (310), we
modeled the entire force-extension curve as a linear combination of the extension
of individual dimer-DNA complexes in either of the three states and in addition to
a small fraction of bare DNA (see MATERIALS AND METHODS for model details).
For every dimer that binds to the DNA tether, the extension changes and the free
energy is reduced by a binding and/or stacking energy. For each dimer in state
II, we imposed a deflection angle of 10 degrees resulting in a reduction of the
persistence length as described by Kuli¢ and Schiessel (309). Release curves fully
overlap with the stretch curves. The absence of hysteresis in all curves indicates
that all transitions are in thermodynamic equilibrium at low forces, allowing an
equilibrium model to describe the transitions between the states.

The force-induced transitions between the three states of an HMfB-coated DNA
tether are captured by the model (FIGURE 4.3B). The first transition (I to II) at
2 pN indicates a low stacking energy of 1.8 + 0.7 k,T. The increase in extension
is large with ~500 nm, which means that the stacked hypernucleosome is easily
disrupted by force (FIGURE 4.3D). Unwrapping of the DNA from the dimers at 10
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pN takes more energy (8.7 + 0.9 k,T), and increases the extension by only ~200
nm. These transitions appear as gradual changes in extension, likely because of
the large number of dimers, the small changes in extension and the fast kinetics.
We found an average of 108 + 7 dimers per tether. A footprint of 30 bp per HM{B
dimer would allow 121 dimers to bind this DNA molecule. It therefore appears
that the DNA molecule is not fully saturated, implicating defects in stacking of the
hypernucleosome (FIGURE 4.3E). Interestingly, the fitted number of dimers did
not change in multiple stretch and release curves of the same hypernucleosome,
suggesting that the dimers remain bound to and positioned on the DNA, even at
high forces.

TPM experiments showed that HMfB compacts DNA slightly more than HMfA
(FIGURE 4.2). In force spectroscopy, the force-extension curves for HMfA-DNA
complexes were similar to those for HMfB-DNA complexes (FIGURE 4.3B),
although the transitions between stacked and unstacked states occurred at lower
forces, 0.5 rather than 2 pN. Correspondingly, we found a higher stacking energy
and dimer occupancy for the HM{B-DNA complex compared to the HMfA-DNA
complex, but a similar wrapping energy (FIGURE 4.3D-F). The high similarity
in stiffness and extension of the complexes at forces below the unstacking tran-
sition (I to II) and the similar wrapping energy after unstacking, highlights the
universality of the hypernucleosome structure, whereas the difference in stack-
ing energy and occupancy clearly distinguishes the mechanical properties of the
protein-DNA filaments formed by the two homologues. This may be biologically
relevant as differences in mechanical stability may modulate the balance between
gene compaction and accessibility in vivo.

Stacking interactions mediate hypernucleosome formation

The basis for stacking of HMfA and HMfB homodimers lies in their primary
structure. We analyzed both histones in terms of interaction residues (FIGURE
4.1C). Using water refinement with HADDOCK (311) on the HMfB hypernu-
cleosome crystal structure and modeling the HMfA hypernucleosome structure
based on that same crystal structure, we were able to identify the possible stacking
interactions within the hypernucleosome. For HMfB, we determined interactions
between R48-D14, K30-E61 and E34-R65. For HMfA, we found interactions
between K31-E62 and E35-K62. In order to investigate whether these interactions
indeed mediate hypernucleosome formation, we expressed and purified HMfA
stacking mutant HMfA , ... We performed TPM experiments similar to those
described above. We found that the mutants reduced the RMS to ~78 nm in TPM
experiments (FIGURE 4.4), which is similar to the values found for HMfA  on
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DNA. However, the concentrations at which this reduction in RMS takes place,
is much higher for HMfAK31 A E35A than for HMfAM. For HMwat, aK, of 25 nM is
estimated, whereas for HMfAK31 A E3oA the estimated K, is 750 nM. This indicates
that cooperative hypernucleosome formation is strongly dependent on stacking
interactions mediated by residues K31 and E35.

Although HMIB has 1 stacking interaction more than HMfA, the stacking inter-
actions of both proteins have a similar number and type of hydrogen bonds.
When we calculate the total free energy of all interface residues (stacking inter-
faces and dimer-dimer interfaces including hydrophobic interactions), we find
that HMfA contacts are energetically more stable than HMfB contacts (FIGURE
4.3F). Reduced repulsive forces between the HMfA dimers because of the charge
swap at position 37 and the lack of positive charge at position 69 also favor a
more stable HMfA complex. However, at HMfB position 64, there is a valine that
features a hydrophobic interaction with 131, whereas HMfA has an arginine at
this position (FIGURE 4.1C). The large size of this residue disrupts the hydropho-
bic interaction. This may make the C-terminal a-helix of HMfA more flexible,
leading to a less compact and less stable hypernucleosome. Earlier studies support
this interpretation, as a V64R mutation in HM{B leads to reduced electrophoretic
mobility of the histone-DNA complex and a slightly impaired nucleosome forma-
tion (137, 312, 313).
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The hypernucleosome forms a left-handed structure on DNA

Wrapping DNA into a hypernucleosome imposes a distinct chirality. To reveal
handedness and torsional stiffness of the HMfB hypernucleosome, we used
rotational force spectroscopy on a torsionally constrained hypernucleosome.
Therefore, the hypernucleosome is unable to release torsional stress by swiveling
around the attachment point. The resulting torque would affect the mechanical
properties of the hypernucleosome, which we refer to as the HMfB-DNA complex
when stretched. We monitored the extension of the hypernucleosome at a con-
stant force, after applying negative (FIGURE 4.5A) and positive (FIGURE 4.5B)
twist to a HMfB hypernucleosome.

The unstacking transition of negatively twisted complexes was shifted to higher
forces. The force plateau shifted up to 10 pN. Thus, the energy for the unstacking
transition is increased: more force is required to unstack the hypernucleosome.
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Figure 4.5: Stretching a torsionally constrained HMfB-DNA complex reveals left-handed-
ness of the hypernucleosome, and shows increased affinity of HMfB dimers for positively
twisted DNA. A) Negative twist as a result of 5-25 rotations increases the unstacking force of the
hypernucleosome. In addition, excess negative twist causes the HMfB-DNA complex to buckle,
resulting in a dramatic decrease of its extension. Both observations point to the left-handedness
of the hypernucleosome. The unwrapping transition appears largely unaffected, resulting in a
continuous decondensation of the tether around 10 pN. B) Positive twist as a result of 5-25 rota-
tions recovers the unstacking plateau. Strikingly, positive twist increases the rupture force of the
unwrapping transition of HMfB dimers. An increasing force is necessary to reverse the bending
effect of HMfB dimers on DNA. At very low forces the beads appear to stick to the cover slip for
certain curves (-5, -20, and +20 rotations, especially).
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Large amounts of negative twist further compact the HMfB-DNA complex by
buckling the tether complex at forces below 1 pN. The second transition to unbent
DNA appeared unaffected by negative twist.

Positive twist on the other hand somewhat extended the range of the unstacking
transition to 2-10 pN. Such behavior is a feature characteristic of a left-handed
structure, and in agreement with the HMfB-DNA co-crystal structure (197).
More strikingly, the second transition between bent and straight DNA is disfa-
vored by positive twist, but not by negative twist. It appears that unstacked HMfB
dimers can better accommodate positive twist than bare DNA. The affinity for
HMIB dimers increases with the number of twists.

An unstacked HMfB-DNA complex imposes a right-handed structure
on DNA

Unfolding a torsionally constrained HM{B-DNA complex builds up torque due to
the untwisting of the hypernucleosome (FIGURE S4.2). The unstacking transition
(between I and II in FIGURE 4.3A) of a torsionally constrained hypernucleosome
features an increased and more gradual force plateau compared to a torsionally
unconstrained hypernucleosome. As a result, the unstacking transition merges
with the transition that we attribute to unwrapping DNA from the HMfB dimers
(regime II to III in FIGURE 4.3A). Since HMfB dimers are likely coupled on
the DNA, the unwrapping of one dimer creates torsional stress, which impedes
unwrapping of the next dimer, resulting in an anti-cooperative transition.

By maintaining a fixed force larger than the unstacking force of the hypernucleo-
some, and monitoring the extension under twist, we were able to determine the
handedness of the unstacked HM{B-DNA complex (FIGURE 4.6). For low forces
(f=2.0 pN) either negative or positive twist induced a reduction in extension due to
buckling of the complex superstructure. Note that the presence of HMfB-induced
bends favors plectonemes over DNA melting, which would occur in bare DNA for
negative twist at this force. The asymmetry in twist response in HMf{B-decorated
tethers only occurs at force above 3 pN. Alternatively, negative twist may unwrap
the HMfB dimers, increasing the length of the tether. Similar to bare DNA, posi-
tive twist only supercoils the tether. This implies that the unstacked HM{B-DNA
complex forms a right-handed superhelix and that the HMfB dimers are stabi-
lized on the DNA by positive torque. The force required to completely unwrap
the DNA was correlated with the applied twist. HM{B dimers appeared to have a
higher affinity for positively twisted DNA than for negatively twisted or relaxed
DNA. This observation is supported by the release curves of the force spectros-
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Figure 4.6: Torque stabilizes the hypernucleosome and reveals a right-handed chirality
of unstacked HMfB-DNA complexes. A torsionally constrained HMfB hypernucleosome was
compacted by twisting the molecule under constant force. At 2.0 pN, both positive and nega-
tive twist reduce the extension presumably by buckling. At higher forces, negative twist caused
the HMfB dimers to unwrap from the DNA, which induced stretching of the HMfB-DNA com-
plex. These measurements suggest that the unstacked HMfB-DNA complex is right-handed. As
a reference, we included a twist-extension curve of bare DNA at 1.0 pN. Note that the slope for
the HMfB-DNA complex is much smaller than for bare DNA.

copy experiments (FIGURE S4.3), which show that positively twisted complexes
more readily restack into hypernucleosomes than relaxed or negatively twisted
DNA.

The slope of the curve beyond the buckling transitions reveals more details of the
twisted complex. Bare plectonemic DNA reduces its extension by approximately
40-100 nm per rotation, which depends on force, as the size of the loop at the tip
of the plectoneme decreases with force (314). For unstacked HMfB-DNA com-
plexes we measured a reduction of the extension of 16 nm per rotation, much
lower than bare DNA, independent of force. This is consistent with a fixed HMfB-
induced bend at the tip of the plectoneme, which defines the tip curvature, and
thus the geometry of the plectoneme.
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Discussion

The hypernucleosome structure may be a key feature of archaeal chromosome
compaction. Here we characterized the structural and mechanical properties of
the hypernucleosome in solution. We found that hypernucleosomes composed of
stacked M. fervidus histone homodimers HMfA and HMfB compact DNA much
stronger than similar DNA-bending proteins. Both the HMfA- and the HMfB-
DNA complexes featured a two-step unfolding mechanism that could be captured
quantitatively in the transitions between a hypernucleosome, an array of wrapped
dimers that kink the DNA trajectory, and a stretched DNA molecule to which
dimers remain bound. HMfB featured a higher stacking energy than HMfA,
resulting in a larger occupancy as well as a higher stability of the hypernucleo-
some against force.

The stiffness of hypernucleosomes is larger than that of stacked eukaryotic
nucleosomes (315). This may be explained by the different nature of the stack-
ing interactions. Interactions between eukaryotic nucleosomes are known to be
mediated by flexible histone tails. Our data suggests that the archaeal hypernu-
cleosome on the other hand is mediated by stacking interactions between the
globular histones that form the hypernucleosome. Stacking energies of HMfA and
HMIB dimers (~2 k,T) are much lower than the 17 k,T reported for eukaryotic
nucleosome stacking (316). The unwrapping of DNA from the HMfA and HM(B
dimers also starts at similar forces as the unwrapping of eukaryotic nucleosomes.
However, in hypernucleosomes this happens reversibly, whereas nucleosome
unwrapping is generally not in equilibrium.

The equilibrium conditions made it possible to capture the entire force-extension
curve in a statistical physics model. This worked better for the unstacking transi-
tion than for the unwrapping transition. It should be noted though that modelling
of the wrapped dimers as kinks in the DNA trajectory might be naive, as the high
occupancy of the DNA yields a dimer-dimer distances that are much smaller
than the typical deflection length for which the Kuli¢ and Schiessel model is
valid (309). Moreover, this model assumes a flat one-dimensional kink, while the
super-helical structure of the unfolded hypernucleosome may be more complex.
A deflection angle (10°), which matched the curves best, is rather small for the 30
base pair footprint of a HMfA or HMfB dimer. Nevertheless, the resulting force
dependent reduction of the end-to-end distance matched quantitatively with the
force-extension curve. We resolved a clear transition from a flexible (regime II) to
a stiffer WLC (regime III), using the same number of dimers as in the low force
transition, indicating that this unfolding intermediate can be effectively modeled
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as an array of wrapped dimers.

In the crystal structure, the hypernucleosome compacts DNA in a left-handed
manner, which resembles DNA wrapping by eukaryotic histones. In accordance,
we found that negative supercoiling stabilizes the most compact regime of the
HMIfB-DNA complex. However, after breaking the stacking by force a right-
handed HMfB-DNA structure was observed. The right-handed HMfB-DNA
complex has been described previously as a functional form, responding to envi-
ronmental cues in vitro (251, 305). Depending on conditions, force and torque,
a right-handed HMfB-DNA complex may have a biological function in archaea.

The archaeal genome is not only organized by histones but also by other NAPs.
The components of the organizational machinery however differ per phylum,
class and order. Histones are found in almost every branch of the archaeal
domain. Currently, evidence in support of hypernucleosome formation has only
been obtained for M. fervidus using x-ray crystallography, and for T. kodakarensis
using MNase digestion of isolated chromatin and analysis of effects of histone
binding on transcription in vivo (165, 197). It is likely that also histones from
other species are able to assemble into hypernucleosomes (134). Formation of a
hypernucleosome is likely stochastic, and initiation at multiple sites may lead to
lateral frustration. Nevertheless, long stretches of hypernucleosome will probably
be rare in the presence of processivity factors driving transcription elongation
(317). Also, as nucleosomes are occluded at transcription start sites based on
MNase digestion studies, the length of hypernucleosomes may in most cases be
limited to a length on the order of genes or operons (172).

The majority of archaeal chromosomes contains genes coding for two or more
histones. This may provide archaea with a means to regulate gene expression via
changing the length and stability of the hypernucleosome in response to growth
phase or environmental cues (251). M. fervidus histones form homo- and hetero-
dimers, and, based on sequence similarities, histones from other species may
be able to do so as well. This would provide archaea with a wide range of tools
for transcription regulation (318). For instance, heterodimers may bind to DNA
and interact with other heterodimers via one multimerization site, while other
sites remain unbound. Homodimers may form hypernucleosomes, which can be
interrupted by other homodimers incapable of certain interactions. Furthermore,
sequence specificity in certain histone variants may direct histones to specific
genomic targets. The emergence of the N-terminal tail may have diverted the
eukaryotic histone from the archaeal histone, eventually resulting in alternative
abilities to regulate genes than in archaea (134). The current methods of biological
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analysis at the single molecule level allow for detailed, mechanistic measurements

that have the potential to shed light on the evolutionary path of genome compac-
tion and transcription regulation.
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Materials and Methods

DNA substrate preparation

For the TPM DNA subtrate, a random sequence of 50% GC content
(CGGCGCAAATTCGTGACCAGTTGCATCAGCTGCGTGAGCTGT-
TTATCGCAGCATCGTAACAGGATAGTGAAGAAGACT) was cloned into
pBR322, as described previously (127), resulting in plasmid pRD121. We used
PCR to generate and amplify a 685 bp linear substrate (sequence in SUPPLEMEN-
TARY INFORMATION) containing the cloned sequence, using digoxygenin- and
biotin-labeled oligonucleotides (195).

For magnetic tweezers a 3646 bp DNA fragment based on plasmid pFWO01 (pBP-
CYC1(wt)/3 derivative (319)) was digested with Bsal and BseYI (New England
Biolabs). The fragment was separated using agarose gel electrophoresis and
purified using a Promega Wizard® SV Gel and PCR Clean-Up System. It was sub-
sequently labeled with digoxigenin and biotin at either end by a Klenow reaction.

For the torsionally constrained construct, pUC18-based plasmid pTB01, (con-
taining 12 repeats of the Widom 601 sequence (320)), was digested with Bsal
and BseYI. The 4092 bp digested product was separated using agarose gel elec-
trophoresis and purified using a Promega Wizard® SV Gel and PCR Clean-Up
System. Subsequently, a 650 bp handle containing multiple digoxigenin- or
biotin-modified bases was ligated on each end. Details on both approaches are
provided elsewhere (321). The 4092 bp substrate based on plasmid pTB01 quali-
tatively behaved the same as the 3646 bp pFW01-based substrate.

HMfA and HMfB

HMIfA and HMfB were kindly provided by John Reeve and Kathleen Sandman
(16).

Expression and purification of HMfA mutant

The histone mutant gene was synthesized by GeneArt (Thermo Fisher Scientific,
MA) and cloned into pET30b vectors using Gibson assembly. This resulted in
plasmids pRD323, expressing HMfA , , ..... pPRD323 was transformed to E. coli
BL21 pLysS (DE3). 1L LB medium with 25 mg/ml chloramphenicol and 50 mg/ml
kanamycin was inoculated with 1% v/v culture grown to saturation o/n. The
culture was grown at 37°C with shaking at 250 rpm. At OD_, = 0.6, expression of
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the mutant was induced with 1 mM IPTG. The culture was grown for 1 h at 37°C
with shaking at 250 rpm. Cells were harvested after 1 h and spun down for 30
minutes at 11,325 xg and at 4°C. Cells were resuspended in resuspension buffer
(50 mM Tris-HCI pH8, 100 mM NaCl and 5 mM MgCL in water), then frozen
at -80°C and thawed the next day. DNase I, PMSF and lysozyme were added and
cells were lysed using the pressure homogenizer unit 5 (Homogenising Systems
Ltd, UK) at 350 MPa in resuspension buffer. The lysate was then centrifuged for 30
minutes at 11,325 xg and at 4°C. Pellets were resuspended in 3M NaCl. The result-
ing mixture was incubated at 95°C for 10 minutes, then spun down for 20 minutes
at 10,967 xg and at 4°C. Treated lysate was desalted using a 5 ml HiTrap desalting
column (GE Healthcare, IL) using the Akta start protein purification system (GE
Healthcare, IL) at RT. Flow-through was analyzed using Coomassie-stained SDS-
PAGE gels. The fractions containing the proteins of interest were loaded onto a 5
ml HiTrap DEAE Sepharose FF column (GE Healthcare, IL) and eluted with 150
ml 50 mM Tris-HCI pH 8 and a sodium chloride gradient from 0 to 1 M using the
Akta pure chromatography system (GE Healthcare, IL) at RT. Peak fractions of 0.5
ml were collected and checked on Coomassie-stained SDS-PAGE gels. Fractions
containing the protein of interest were combined and concentrated to 500 pl using
Amicon ultrafiltration membranes (Merck, Germany; cut-oft: 3 kDa) at 3700 rpm.
The combined fractions were loaded on a Superdex 75 Increase 10/300 GL gel fil-
tration column (GE Healthcare, IL) and eluted with a degased solution of 50 mM
Tris-HCI pH 8 and 100 mM NaCl in water, using the Akta pure chromatography
system at RT. Peak fractions of 0.5 ml were collected, checked on Coomas-
sie-stained SDS-PAGE gels and purity was examined using mass spectrometry.
Fractions with less than ~5% impurities were considered pure. Concentration
of HMfA_, , ..., was determined using a Pierce BCA Protein Assay kit (Thermo
Fisher Scientific, MA) and was 151.3 uM. Protein solutions were plunge frozen
and stored at -80°C.

Tethered Particle Motion

The tethered particle motion experiments were carried out as described previously
(322). The measurement buffer contained 50 mM Tris-HCI, pH 7 and 75 mM KCI.
We used an anisotropic ratio cut-off of 1.3 and a standard deviation cut-oft of
8% to select single-tethered beads. The end-to-end distance of the DNA substrate
was determined by taking the average of the extremities (2.5% largest values) of
the deflection of 25 beads in the xy plane at 50 nM of HMfB and subtracting the
radius of the bead (FIGURE S4.1). The end-to-end distance was obtained by trian-
gular calculation.



Mechanical and structural properties of archaeal hypernucleosomes
Force spectroscopy and rotational spectroscopy

HMIfA and HMfB were diluted to 100 nM in measurement buffer. 1 pM DNA sub-
strate was introduced in the flow cell and incubated with histones, following the
TPM protocol, but using paramagnetic M270 beads (Dynabeads; Thermo Fisher
Scientific, USA) instead of polystyrene beads. Details of the force spectroscopy
experiments and the multiplexed magnetic tweezers setup have been described
elsewhere (321). In each measurement, the force was increased exponentially
from 0.01 to 40 pN in 70 seconds, and decreased at the same speed.

Quantitative modeling of stretching the hypernucleosome

To interpret the force-extension behavior of the hypernucleosomes, we developed
a statistical mechanics model in collaboration with Thomas Brouwer. HMfA and
HMI(B dimers bound to the DNA were distributed over three conformations,
representing different levels of compaction. In the lowest force regime, HMfA
and HMfB homodimers assembled into a hypernucleosome. The extension of
the hypernucleosome was modeled by a freely-jointed chain (FJC) (323, 324)
(EQUATION 4.1),

zrc(f) = Lamer <coth< k];bT )— k}bT >

where zpc (f) is the extension per dimer, b the Kuhn length, f the force, k; Boltz-
mann’s constant, T the temperature and L, which was fixed at 4 nm, which
is the length of the DNA segment that is wrapped around a single dimer. The
FJC was chosen for its initial linear increase of extension with force, as observed
experimentally. In the final model only the linear part of the FJC i.e. an extension
up to 2 nm per dimer mattered, as the dimers unstack at larger forces. For low
forces (f, < ks T'), the FJC describes a Hookean spring with linear extension, and
Kuhn length can be rewritten to include stiftness k of the stacked fiber (EQuAaTION
4.2) (323).

(4.1)

_ 3k T (42)
KL simer

The second force regime is characterized as a beads-on-a-string structure. In

this structure, DNA wraps onto non-interacting HMfA and HMfB homodimers

resulting in moderate compaction of the fiber. The beads-on-a-string structure

was modeled as an extensible worm-like chain (WLC) (310, 325) (EQUATION 4.3).

zWLc(ﬂ=L<1—%/%+%> (4.3)

b
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in which zw:c (f) is the extension of protein-DNA complex, L is the contour length
of the DNA substrate, S the stretch modulus and P the persistence length. Since
the footprint of an HMfB homodimer is 30 bp (326), each transition of a dimer
from the hypernucleosome into a beads-on-a-string conformation reduces the
contour length of the FJC by Ly and increases the contour length of the WLC
with 30 bp. Moreover, each HMf dimer that bends the DNA reduces the persis-
tence length of DNA to an apparent persistence length P.,, (309) (EQUATION 4.4).

P
(1+PN8[1-cos(5)|/L) (4.4)

P, =

in which N is the number of dimers in the beads-on-a-string conformation and
@ is the DNA deflection angle induced by the dimer. In addition we added a small
free energy contribution per kink gw that is proportional to the square root of
force and does not exceed 0.01 k5 T (327). The model matched the data best using
a deflection angle of 10 degrees, which corresponds roughly to the structure
depicted in FIGURE 4.5B.

At high forces, the HMfA and HMfB homodimers appeared to remain bound, but
do not bend the DNA. Each transition therefore reduces the number of kinks in
the DNA, resulting in an increase of the apparent persistence length to that of bare
DNA, for which we used P = 50 nm and § = 1000 pN (324, 325, 328).

Many different states j of the fiber can be defined containing different distributions
of each of the three dimer conformations i, which can be the hypernucleosome,
beads-on-a-string, or straight conformation. The total extension z;(f) of the
tether is a linear combination of the extension of each dimer conformation z; (f )
multiplied by the number of dimers #; in conformation i (EQUATION 4.5).

2 ()=, mz(f) (4.5)

The free energy per dimer in the hypernucleosome is given by:

kT <ln<sinh< kjf’T ))— ln< kj:’ T >>+gsrack T gm (4.6)

using a protein-protein interaction energy g..« and a protein-DNA interaction
energy gw.p- The free energy per dimer in the beads-on-a-string and the straight
structure is given by:

grc :fZF]C (f )df: L,

gwic :fZWLC (f )df: L<_ fk;T +%> (4.7)
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optionally complemented by g, for the wrapped conformation. In addition, the
work W done by the bead corresponds to:

w= [ fz,)dz (4.8)

The total free energy G, (f ) of a particular tether is the work by the bead minus
the sum of the free energy contributions of each dimer with an additional
force-dependent free energy contribution for the number of kinks Ngiu (f) (327):

G, (f)=W—2_ ng (f)+ Ngu (f) (4.9)

Finally, the force dependent extension of the hypernucleosome is calculated as the
Boltzmann-weighted mean extension:

2 (f)exp (=G, (f)/ksT)
<z (f)>= 2,7 epo / (4.10)

with partition function Z = Z,- exp(—G; (f)/ksT).

Prior to fitting, the z-offset z, was determined by fitting the WLC for bare DNA at
forces >30 pN. Subsequently, the number of dimers on the DNA was determined
based on the maximum compaction of state I and state II (see also FIGURE 4.3C).
The stiffness k of the hypernucleosome was fixed at 1.2 pN/nm which yielded a
good fit to the data, and since the hypernucleosome unstacks at a relatively low
force fitting this value was problematic. EQUATION 4.10 was fitted to the data
between 0.5 and 55 pN to extract the composition, stacking and energy gu.. and
wrapping energy g.., from each curve.
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Supplementary information

A B150,,,‘,,

100 |

50t

0}

-50 |

Distance (nm)

-100 | CEESEERTT

-150 : . A . .
-150 -100 -50 0 50 100 150
Distance (nm)

150'lllVllIVlIIIllIlvlllv

Frequency
=
o

()]
o

0
215 255 295 335 375 415
End-to-end distance (nm)

Figure S4.1: End-to-end distance of the HMfB-DNA complex using TPM. A) Schematic of
the parameters used in the calculation of the end-to-end distance. d is the horizontal distance
between the center of the bead and the place where the DNA is attached to the flow cell; r, ,is
the radius of the bead. B) Positions of TPM bead over 60 seconds at 50 nM HMfB (red and blue).
The 2.5% positions at the extremities of the plot (blue) represent the end-to-end distance of the
HMfB-DNA complex. C) Skewed Gaussian fit (red) of the end-to-end distance of the 2.5% most
distant positions with respect to the center of 25 beads.
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Figure S4.2: Force spectroscopy on torsionally constrained and torsionally free HMfB-DNA
complex. At low force (<2 pN) both complexes are identical in length, and the curve overlaps
with the freely-jointed chain model (FJC). At high force (>20 pN) the curves overlap with the
worm-like chain model (WLC) of bare DNA. In between, the hypernucleosome undergoes an un-
stacking transition and subsequently an unwrapping transition. Due to the chiral structure of the
hypernucleosome, unstacking increases torque, which stabilizes the structure. The torsionally
constrained hypernucleosome unstacks at ~10 pN, compared to ~1.5 pN for the torsionally un-
constrained hypernucleosome. The unwrapping transition appears unaffected. Fitting the tor-
sionally constrained hypernucleosome yields a higher stacking energy (4.2 + 0.1 k,T vs 1.6 + 0.0
k,T per dimer), reflecting an increased energy cost for unstacking the hypernucleosome. The
wrapping energy is largely unaffected (9.9 + 0.1 k,T vs 10.0 £ 0.1 k. T per dimer). The fit, however
deviates somewhat from the data in the transition region. Both molecules are associated with an
identical number of HMfB dimers: 103 dimers, from which 95 are stacked in a hypernucleosome.
The force extension curves of both molecules converge to a WLC with a contour length of 3646
bp at forces >30 pN.
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Figure S4.3: Release curves of torsionally constrained HMfB-DNA complexes. A) Force
spectroscopy on negatively twisted HMfB-DNA complexes. The release curves suggest that
overstretched DNA has higher affinity for HMfB dimers compared to relaxed DNA, shown by
the reduced extension of the release curve. As a reference, the stretch curve for 0 twist has been
added in bright blue. Upon negative twist, this hysteresis becomes less. B) Force spectroscopy
experiments on positively twisted HMfB-DNA complexes. At forces between 10 and 40 pN the
extension is reduced with increasing twist, which was also observed in the pulling curve.
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DNA substrates

TPM substrate

5 TTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGG-
GAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCAT-
TTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAG-
GGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGA-
CATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTTCAAGAATTCCGGCGCAAAT-
TCGTGACCAGTTGCATCAGCTGCGTGAGCTGTTTATCGCAGCATCGTAACAGGATAGTGAA-
GAAGACTAAGCTTTAATGCGGTAGTTTATCACAGTTAAATTGCTAACGCAGTCAGGCACCGTG-
TATGAAATCTAACAATGCGCTCATCGTCATCCTCGGCACCGTCACCCTGGATGCTGTAGGCATA-
GGCTTGGTTATGCCGGTACTGCCGGGCCTCTTGCGGGATATCGTCCATTCCGACAGCATCGCCAGT-
CACTATGGCGTGCTGCTAGCGCTATATGCGTTGATGCAATTTCTATGCGCACCCGTTCTCGGAG-
CACTGTCCGACCGCTTTGGCCGCCGCCCAGTCCTGCTCGCTTCGCTACTTGG 3’
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DNA binding by histones from Ca.
Nanohaloarchaeota
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Abstract

Members of the archaeal phylum Candidatus Nanohaloarchaeota have recently
been found in hypersaline lakes and salt crusts. For functionality, the macromole-
cules of these organisms, including histones, must be adapted to high cytoplasmic
salt concentrations. Based on our sequence analysis and classification, three
histone types have been identified in Candidatus Nanohaloarchaeota. Histones
of type A are predicted to form tetramers and hypernucleosomes, whereas his-
tones of type B can probably form no structure larger than a dimer, and may have
a lower binding affinity than histones of type A. Prediction of characteristics of
type C histones was less conclusive. Here, we investigate two histones encoded
by Nanosalina sp. J07AB43. Nanosalina HA and HB, type A and type B histones,
respectively, were recombinantly expressed and their interactions with DNA were
characterized using microscale thermophoresis and tethered particle motion. We
find that at 75 mM KCI, HA binds and probably compacts DNA, whereas HB
does not. At 1.5 M KCl, no direct binding is observed, but both proteins do affect
fluorescence when added, suggesting binding to DNA. HA does this at lower con-
centrations than HB, indicating that HA indeed is able to better bind DNA than
its type B counterpart.
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Introduction

Archaea, the domain of prokaryotic organisms from which eukaryotes have
emerged, have recently seen a sharp increase in the availability of genetic infor-
mation. Whereas initially archaea were found in extreme environments such as
hydrothermal vents and hot springs, scrutiny of the archaeal domain revealed
that they exist in nearly every habitat on earth. The archaeal tree of life dramat-
ically changed shape over the last ten years as a result of the discovery of novel
archaeal superphyla, phyla and classes (47). One of these more recent additions
is the candidate phylum Nanohaloarchaeota (329). After its discovery at Lake
Tyrell, Australia, it was initially classified as a new euryarchaeal class, but was
later categorized as a phylum part of the DPANN superphylum (39). Three classes
of Candidatus (Ca.) Nanohaloarchaeota have been identified, Haloredivivus,
Nanosalina and Nanosalinarum, all resulting from metagenomic sequencing
of samples from hypersaline lakes (329, 330). Additionally, fifteen unclassified
genomes of Ca. Nanohaloarchaea were discovered on salt crusts in the Chilean
Atacama desert (331, 332). None of the Ca. Nanohaloarchaeota have been
reported to have grown in culture. The cells of Ca. Nanohaloarchaeota are small
with an estimated cell size of 0.6 pm (329). Their genomes are also small, ranging
from 0.40 to 1.48 Mbp. Most of these genomes have a GC content of 40-50%,
which is low compared to other archaeal genomes that were found in the same
habitat, but similar to Methanobacteria and Nanoarchaeota (329).

The proteins predicted to exist in archaeon SG9 (genome length 1.1 Mbp) have
a median theoretical isoelectric point (pI) of 4.7. This would place archaeon SG9
in the first percentile of average pls of more than 5000 proteomes from through-
out the tree of life (333). The average pls of some halophilic archaea from the
euryarchaeal class Halobacteria are comparable to those of Nanohaloarchaeota.
The median pl of the average of all archaeal proteomes is 6.4, with half of all
archaeal proteomes having an average pI between 5.8 and 7.1 (331, 333). Scrutiny
of the proteins encoded by the genome of Nanosalina sp. J07AB43 also indicated
pls between 4 and 6, similar to archaeon SG9. Living in conditions with high
salinity is challenging, as high salt concentrations in the environment lead to an
increase of the osmotic pressure inside the cell. A low average pI of the proteome
is indicative of the ‘salt-in’ osmotic strategy, which microorganisms inhabiting
hypersaline environments use to balance the osmotic pressure of their cellular
contents with the pressure of the environment (334). In this strategy, ions, mainly
Cl- and K*, are accumulated inside the cell, which means that the proteome needs
to be adapted for functionality at very high intracellular salt concentrations (335,
336). For species of Halobacteria, intracellular KCI concentrations up to 7 M have
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been recorded (335). For many proteins that are expressed by organisms that use
the salt-in strategy, a high intracellular salt concentration contributes to protein
folding. Exposure to low salt environments can therefore lead to denaturation.
Only some halobacterial archaea, as well as some bacteria, use the salt-in stra-
tegy for haloadaptation. Most other salt loving or salt tolerant organisms exclude
rather than let in salt ions, using high concentrations of sugars, alcohols, glycerol
or other organic compounds without net charge to counterbalance osmotic pres-
sure (337). This places members of Ca. Nanohaloarchaeota in a small subgroup
of extremophiles.

Genomes of Ca. Nanohaloarchaeota encode the nucleoid-associated protein
Alba, as well as histones. Alba-encoding genes were identified on approximately
half of the annotated nanohaloarchaeal genomes, whereas genes coding for his-
tones can be found in all annotated genomes. Both Alba and histones have, like
most other proteins in this phylum, exceptionally low theoretical pls, on average
4.2 and 5.3, respectively. All nanohaloarchaeal Alba proteins contain the residue
Lys16, which is subject to acetylation or methylation (119, 120). Post-translational
modification alters Alba’s binding affinity to DNA, and is therefore important for
modulation of its activity. Most Alba proteins encoded by Ca. Nanohaloarchaeota
are of type Albal, and only Haloredivivus sp. G17 encodes a protein of type Alba2
(338). Histones encoded by the genomes of Ca. Nanohaloarchaeota are predicted
to contain a single histone fold, unlike the ‘tandem histones” from Halobacteria,
which are found in the same habitat (185, 339). They likely form dimers in solu-
tion, like other archaeal histones (160, 193). Nanohaloarchaeal histones have
been categorized in three types (see also CHAPTER 2). Although histones of all
nanohaloarchaeal types are predicted to bind DNA, histones of type A are pre-
dicted to be able to tetramerize and assemble into hypernucleosomes, which
strongly compact DNA (197, 339). Histones of type B lack the residues provi-
ding interactions necessary for tetramerization, which likely makes them unable
to form structures larger than dimers (FIGURE 5.1). Especially the absence of H49
likely makes tetramerization impossible. Furthermore, they lack AGA at position
15-17, situated at the N-terminal loop region. Bulkier amino acid residues at this

HA -MDLPNAPVERII SQDAVEEL EBLGBEIAVDANGMABHADRN
HB -MEFSTSKMKEMI SEESAEELGQVIEMFAGDVAEEATATR AL
HC MAELPLAPVKIII GAE SEDAVEELRPELEDHASERARDSKOMARHA QE v

Legend: I DNA binding l Tetramerization IStacking AGA-loop

Figure 5.1: Alignment of histones HA, HB and HC encoded in the genome of Nanosalina sp.
JO7ABA43. Grey bars represent a-helices.
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position generally cause steric hindrance between histone dimers when multi-
merizing, which means that substitution of AGA for amino acids with larger side
chains prevents hypernucleosome formation. Also, histones of type B have 5 sites
of potential DNA-binding interactions, whereas histones of type A have 6. This
may result in weaker DNA binding of type B histones compared to histones of
type A. Histones of type C may be able to tetramerize, although their tetramers
are likely less stable than those of type A, due to a lower number of tetrameriza-
tion interactions. It is unknown if histones of type C form hypernucleosomes, but
if they do, these hypernucleosomes are likely less stable than hypernucleosomes
composed of histones of type A, as a result of less stacking interactions (see also
CHAPTER 2).

Here, we investigate DNA binding and compaction by histones from the genome
Nanosalina sp. J07AB43, HA and HB. These histones belong to nanohaloarchaeal
histone types A and B, respectively. Histone types A and B are hypothesized to
exhibit clear differences in terms of multimerization, which can be empirically
tested by in vitro experiments. We use microscale thermophoresis (MST), which
measures difference in the sum of molecular size, charge and hydration shell, and
tethered particle motion (TPM), which gives a read-out of DNA organization, to
qualitatively probe compaction of DNA by these histones, permitting assessment
of the protein’s ability to form tetramers or hypernucleosomes.
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Results and discussion

In order to investigate interaction between Nanosalina sp. J07AB43 histones
HA and HB, we expressed and purified recombinant HA and HB. To deter-
mine whether HA or HB binding affects DNA conformation, we used TPM. We
tethered polystyrene beads to a glass surface using 685 bp long digoxigenylated
and biotinylated nonspecific DNA substrates. The root mean square displacement
of the tethered beads gives a quantitative readout of changes in DNA conforma-
tion. DNA tethers were incubated with HA or HB at 75 mM KCI, a concentration
at which other histones have been reported to bind DNA (see also CHAPTERS 4
and 6). Although low pH is physiologically more relevant considering the mode
of life of members of Ca. Nanohaloarchaeota, in TPM, buffers with pH below 6.0
cannot be used following routine protocols: lower pH causes sticking of beads to
the surface. Therefore, a pH of 6.0 was chosen for TPM experiments. Addition of
up to 1000 nM HA or HB did not affect the root mean square displacement (RMS)
of DNA (FIGURE 5.2). This suggests that in these conditions, HA and HB do not
change DNA conformation.

We further investigated HA and HB interacting with DNA using microscale
thermophoresis, which also responds to proteins binding to DNA without DNA
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Figure 5.2: Tethered particle motion experiments show that HA and HB do not deform
DNA at pH6 and 75 mM KCI. Error bars represent the standard deviation of the different
experiments, and are mostly hidden behind the data points. Dashed lines are to guide the eye.
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deformation. We used linear, Cy5-labeled, nonspecific DNA with a length of 78
bp and a GC content of 50%, close to the average GC content of nanohaloarchaeal
genomes. The length of the DNA substrate is sufficient to harbor a histone
tetramer, but is too short to accommodate larger histone assemblies (340, 341).
To mimic physiological pH values, we incubated Nanosalina histones with the
DNA substrate in a solution containing 75 mM KCl at pH 4.0. Next, we measured
thermophoresis at histone concentrations between 0 and 1000 nM (FIGURE 5.3A
and B). We quantify thermophoresis by taking the ratio of two regimes of the
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Figure 5.3: Microscale thermophoresis experiments show reduction in thermophoresis by
HA, but not by HB at pH4 and 75 mM KCl. Representative normalized time traces of thermo-
phoresis experiments on 78 bp nonspecific DNA substrates for Nanosalina histones HA (A) and
HB (B). Normalized fluorescence (F ) is expressed as function of time. C) Thermophoresis of
Nanosalina histones HA and HB on 78 bp nonspecific DNA substrates at pH4, expressed as the
difference in normalized fluorescence compared to the value at 0 nM (AF ) as function of
histone concentration. Error bars represent standard deviation of the experiments. D) Initial nor-
malized fluorescence (F_ ) of Nanosalina histones HA and HB on 78 bp nonspecific DNA sub-
strates, as function of concentration. Error bars represent standard deviation of the experiments.
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thermophoresis time traces, by which we compare fluorescence before heating
and fluorescence just before the end of heating (see also MATERIALS & METHODS).
The ratio gives a read-out of how fast the DNA substrates diffuse out of the heated
spot, which in turn indicates the change in size, charge and hydration shell when
compared to a situation where only labeled DNA is present. Thermophoresis
experiments showed that at concentrations of HA >250 nM, the difference in
normalized fluorescence (AF ) decreases (FIGURE 5.3C). This means that the
combination of change in molecular assembly, charge and/or hydration shell
changes as a result of histone binding and possibly DNA deformation (342). The
response to HA is similar to the results of MST experiments on HMfA and HM{B,
although that study also showed that AF _increases at protein concentrations
>1000 nM (341). Due to limited availability of protein, we were not able to reach
these concentrations. In contrast to the response to thermophoresis caused by
HA, AF_ did not change in the presence of HB, which suggests that HB does
not bind and compact the DNA substrate. Since the footprint of archaeal histones
is 30 bp per dimer, the 78 bp substrate can accommodate a tetramer. Based on
structural and sequential analyses, we predicted that HA is able to bind DNA
as tetramers, whereas HB also binds DNA but probably cannot form tetramers.
The results of the experiments presented here are in line with this hypothesis. In
addition to thermophoresis, protein binding to DNA can also have an effect on
the initial fluorescence before heating of the sample. Therefore we normalized and
plotted initial fluorescence as function of concentration. The initial fluorescence
did not significantly change in response to protein concentration (FIGURE 5.3D).

Based on the notion that the average pI of nanoarchaeal proteins is very low, we
expect that members of Ca. Nanohaloarchaeota use the salt-in strategy for regu-
lation of osmotic pressure. Reduction of salt concentrations to below 0.5 M (as
used in the experiments reported above) leads to a shortage of cations shielding
the protein surface, resulting in repulsive forces that weaken the conformation of
some proteins (337). As it may lead to more stable histones, it is thus relevant to
measure nanoarchaeal histones at high salt concentrations. However, when we
carried out HA protein titrations using MST at 1.5 M of KCI, we no longer detect
an effect of HA on thermophoresis (FIGURE 5.4A-C). This suggests that HA is
no longer binding and compacting the DNA substrate, or binds with low affin-
ity. A similar behavior was observed for HB. However, when we look at initial
fluorescence, we observe a positive correlation between histone concentration
and fluorescence for both HA and HB (FIGURE 5.4D). Fluorescence increases
starting at a concentration of 125 nM for HA, whereas for HB, we observe an
increase in fluorescence from 375 nM and onwards. One possible explanation for
the increase in fluorescence signal is protein induced fluorescence enhancement
(PIFE). This effect entails that fluorophore intensity increases upon binding of
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a protein in its vicinity, more precisely within 0 and 3 nm of the dye (343, 344).
Cy5, the dye attached to our DNA substrates, has been shown to exhibit PIFE
(343). This means that if PIFE is a proxy of histone binding to DNA, initial fluo-
rescence data does not correspond with thermophoresis data. It should be noted
that fluorescence is proportional to the viscosity of the experimental buffer and
that protein concentration contributes to viscosity (345, 346). However, we do not
observe a proportional relation between protein concentration and initial fluo-
rescence. Also, HA and HB are very similar in terms of size, charge and structure,
which would suggest that their contribution to buffer viscosity is roughly equal.
As our data indicate that HA and HB affect initial fluorescence at different con-
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Figure 5.4: Microscale thermophoresis experiments indicate binding of DNA by HA and HB
at pH4 and 1.5 M KCI. Representative normalized time traces of thermophoresis experiments
on 78 bp nonspecific DNA substrates for Nanosalina histones HA (A) and HB (B). Normalized
fluorescence (F ) is expressed as function of time. C) Thermophoresis of Nanosalina histones
HA and HB on 78 bp nonspecific DNA substrates, expressed as the difference in normalized
fluorescence compared to the value at 0 nM (AF ) as function of histone concentration. Error
bars represent standard deviation of the experiments. D) Initial normalized fluorescence (F )
of Nanosalina histones HA and HB on 78 bp nonspecific DNA substrates, as function of concen-
tration. Error bars represent standard deviation of the experiments.
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centrations (FIGURE 5.4D), a viscosity-induced increase in fluorescence unlikely.
The discrepancy between thermophoresis and initial fluorescence experiments
may be explained by binding dynamics of HA and HB. High dissociation rates
may result in a PIFE effect but may not be visible as an effect on thermophore-
sis. We did not observe an increase in initial fluorescence as function of protein
concentration for HA and HB at 75 mM KCL. Possibly, higher protein concentra-
tions would result in an effect on initial fluorescence, as the initial fluorescence
seems to slightly increase at the highest concentrations of the titration used in
this study. This may indicate a different form of binding at 1.5 M KCI compared
to 75 mM. The observation of DNA binding at high salt concentrations might
be indicative of the involvement of hydrophobic interactions. It should be noted
that initial fluorescence cannot be quantitatively compared between conditions
with different KCI concentrations, as fluorescence is inversely related to KCI con-
centration (FIGURE Ss5.1). We did not use concentrations of 1.5M KCl in TPM,
because high salt concentrations are not compatible with our routine protocols. In
order to establish whether HA and HB form multimers, we recommend further
optimization to establish conditions at which histone-DNA complexes are stable.
Establishing such conditions could also allow us to quantify DNA deformation
by HA and HB. These proposed experiments may provide further insight into the
function of multimerizing and non-multimerizing histones.
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Conclusion

Nanohaloarchaeal histone HA from Nanosalina sp. J07AB43 binds DNA at 75 mM
KCI and pH4. Although we have not been able to confirm DNA compaction by
HA using TPM, the strong effect of the protein on fluorescence is, in accordance
with previous studies, indicative of a large conformational change. This confor-
mational change is probably caused by wrapping around a histone tetramer. HA
was predicted to better tetramerize and bind to DNA than HB, based on sequen-
tial analysis. This study indirectly confirms the prediction, although optimization
of pH and KCI concentrations may reveal the conditions at which HB also binds
and compacts DNA. Experiments at KCI concentrations intended to mimic phys-
iological conditions of Ca. Nanohaloarchaeota did not directly show binding, but
increase in initial fluorescence in MST experiments suggests that HA and HB
interact with DNA. Further optimization of experimental conditions may shed
more light on nanohaloarchaeal histones and their involvement in DNA compac-
tion. Insight into the DNA-binding characteristics of nanohaloarchaeal histones
may reveal how mechanisms for DNA compaction and transcription regulation
were established in the archaeal domain.
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Materials & Methods
Purification of Nanosalina HA and HB

Genes coding for Nanosalina sp. J07AB43 histones HA (accession number
EGQ42849) and HB (accession number EGQ43804) were codon-optimized for
Escherichia coli and synthesized at GeneArt (Thermo Fisher Scientific, MA).
Genes were cloned into pET30b vectors using Gibson assembly, resulting in
plasmids pRD321 expressing HA and pRD322 expressing HB. pRD321 was trans-
formed to E. coli BL21 star (DE3), and pRD322 was transformed to E. coli BL21
Rosetta (DE3), resulting in strains NT494 and NT495. For protein overexpression
500 ml LB medium with 25 mg/ml chloramphenicol and 50 mg/ml kanamycin
was inoculated with 1% v/v culture grown to saturation o/n. Cultures were grown
at 37°C with shaking at 250 rpm. At OD_, = 0.5, expression of HA was induced
with 1 mM IPTG. Cultures were grown for 1 h at 37°C with shaking at 250 rpm.
Cultures were harvested by centrifugation for 30 minutes at 11,325 xg and at
4°C. Cells were frozen at -80°C and thawed the next day. DNase I, PMSF and
lysozyme were added and cells were lysed using the pressure homogenizer unit 5
(Homogenising Systems Ltd, UK) at 350 MPa in 50 mM Tris-HCI pH 8.0 and 100
mM NaCl in water. Cell lysate was separated from the pellet by centrifugation for
30 min at 10,967 xg and at 4°C. Lysates were incubated at 95°C for 10 minutes,
then spun down for 15 min at 10,967 xg and at 4°C. The supernatant was diluted 3x
in 16.7 mM Tris-HCI pH 7.0. The treated lysates were loaded onto a 5 ml HiTrap
DEAE Sepharose FF column (GE Healthcare, IL) and eluted with 150 ml 50 mM
Tris-HCI pH 8 and a NaCl gradient from 0 to 250 mM (for lysates of NT494) or
0 to 1 M (for lysates of NT495) using the Akta start protein purification system
(GE Healthcare, IL) at RT. Peak fractions were analysed on Coomassie-stained
SDS-PAGE gels and combined. Combined fractions were concentrated to 400
ul using Amicon ultrafiltration membranes (Merck, Germany; cut-off: 3 kDa) at
3700 rpm. The combined fractions were loaded on a Superdex 75 Increase 10/300
GL gel filtration column (GE Healthcare, IL) and eluted with a degased solution of
50 mM Tris-HCI pH 8 and 100 mM NaCl in water, using the Akta pure chromato-
graphy system (GE Healthcare, IL) at RT (flow rate: 0,5 ml/min). Peak fractions of
0.5 ml were collected, checked on Coomassie-stained SDS-PAGE gels and protein
purity was examined using mass spectrometry. Fractions with less than ~5%
protein impurities were considered pure. Coomassie-staining showed bands for
HA and HB corresponding to 1x and 2x the expected molecular, indicating that a
significant fraction of both proteins is present as dimer. Since the proteins are able
to interact, we expect that the proteins are properly folded. Concentrations of HA
and HB were determined using a Pierce BCA Protein Assay kit (Thermo Fisher
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Scientific, MA) and were 100 uM and 561 uM, respectively. Protein solutions were
plunge frozen and stored at -80°C.

DNA substrate preparation

For the MST substrate, two complementary oligos (Merck, Germany) of 78 nucleo-
tides containing the 50% GC sequence as described in chapter 4 were mixed at
100 uM each. The oligos were annealed by heating to 95°C for 5 minutes, then
decreasing the temperature in steps of 5°C, followed by 5 minutes incubation,
and so on until a temperature of 20°C was reached. Substrates were subsequently
diluted to 100 nM in 10 mM Tris-HCI pH 8 and 20 mM NaCl.

For the TPM DNA substrate, plasmid pRD121 was used, as described previously
(see CHAPTER 4). We used PCR to generate and amplify a 685 bp linear substrate,
using digoxygenin- and biotin-labeled oligonucleotides (195).

Microscale Thermophoresis

A dilution series of HA and HB starting at 2000 nM down to 15.6 nM was made
using measurement buffer (50 mM acetate buffer pH 4.0 [11.3 mM sodium acetate
and 38.7 mM acetic acid], KCl 75 mM or 1.5 M in water). Protein dilutions were
mixed 1:1 with 100 nM Cy5-labeled MST substrate, resulting in protein concen-
trations from 1000 nM downwards and a constant substrate concentration of 50
nM in a total volume of 40 pl. Sample mixtures were transferred to MST capilla-
ries (Monolith NT.115 Premium Capillaries, NanoTemper, Germany). Capillaries
were measured using the Monolith NT.115 (NanoTemper, Germany) at 20%
LED power and 20% MST power. Total measuring time was 40.4 s. NanoTemper
Analysis software was used for data analysis of MST experiments. Time traces
were normalized by alignment of the linear regime before onset of the MST laser
(0-5.6 s). Thermophoresis was calculated by the ratio of normalized fluorescence
between time windows 6.2-6.7 s and 34.7-36.6 s as described by Corbeski et al.
(340). For the initial fluorescence curves, the average of initial fluorescence values
at 0-62.5 nM was normalized to 1. The initial fluorescence values of the other data
points are then shown as relative values to the values at 0-62.5 nM. MST experi-
ments were carried out in triplicate.

Tethered particle motion

The tethered particle motion experiments, data analysis and representation of
results were performed as previously described (322). To select single-tethered
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beads, we used a standard deviation cut-oft of 8% and an anisotropic ratio cut-off
of 1.3. As measurement buffer we used 50 mM phosphate buffer pH 6.0 (6.8 mM
dipotassium phosphate and 43.2 mM monopotassium phosphate) and 75 mM
KCl in water. TPM experiments were carried out in duplicate.
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Specific DNA binding of archaeal histones
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Abstract

In archaea, histones play a role in genome compaction and are involved in tran-
scription regulation. Although no specific sequence is required for DNA binding,
archaeal histones prefer binding to DNA containing repeats of alternating A/T
and G/C motifs. These motifs are also present on an artificial sequence Clone20,
a high affinity model sequence for binding of the histones from Methanothermus
fervidus. Here, we investigate binding of HMfA and HMfB to Clone20 DNA. We
show that specific binding at low protein concentrations (<22 nM) modestly com-
pacts DNA, whereas nonspecific binding strongly compacts DNA. We propose
mechanisms by which high affinity sequences on the genome may interplay with
other components that are likely involved in archaeal transcription regulation,
such as histone variants and the hypernucleosome.



Specific DNA binding of archaeal histones

Archaea and eukaryotes express histones, which are involved in genome compac-
tion and transcription regulation (177, 237). Together with other architectural
proteins, such as Alba and MC1, archaeal histones are hypothesized to function
as transcription regulators, although the mechanisms employed are currently
unknown (117). The hypernucleosome, a rod-like structure consisting of a
protein core of an archaeal histone multimer (multiple associated dimers), with
DNA wrapped around compacts DNA, and may play a key role in archaeal tran-
scription regulation (134, 197) (see also CHAPTER 4). Histones from species
throughout the archaeal domain of life are predicted to be able to assemble into
hypernucleosomes, although some genomes also (sometimes exclusively) encode
histones that likely cannot multimerize (134). Archaeal histones have also been
proposed to have defined roles as dimers or tetramers (196, 238). The dimer is the
smallest functional unit of archaeal histones, and may be formed by monomers
of the same or of different histone variants. Homo- and heterodimerization of
histones could be key to modulating DNA compaction and transcription (251).
Archaeal genomes harbor up to 11 histone variants, which allows archaea to vary
the composition of histone dimers, tetramers and hypernucleosomes. Each form
may have different functionality, with its formation dependent on growth phase
or environmental cues (171, 251, 305).

Histones, like most archaeal chromatin proteins, bind DNA in a nonspecific way.
However, histones have been suggested to be positioned at specific locations on
the genome (196, 347). Also, histones are depleted from transcription start sites
(TSSs), which is common in most unicellular organisms (221, 246). These TSSs are
AT-rich, which disfavors nucleosome formation in both archaea and eukaryotes
(221, 348). HMIB, one of the two histones from the archaeon Methanothermus
fervidus, was reported to preferentially bind GC-rich sequences with alternating
GC and AT motifs (164, 349). Specifically, (T)3(A)3GCCG repeat sequences
exhibit a very high affinity towards M. fervidus histones (350). In Haloferax
volcanii, patterns of GC and AT were shown to position histone tetramers in a
similar way as reported for eukaryotes (220, 351). Sequences to which HMfB binds
with high affinity were selected in early studies by Reeve and co-workers using
a systematic evolution of ligands by exponential enrichment (SELEX) approach
(164). Especially Clone20, a sequence resulting from this SELEX experiment, was
shown to have a very high binding affinity for HMfB tetramers (an increase of
two orders of magnitude compared to control DNA for HMfB, while the increase
in affinity of HMfA was less than twofold, as measured via electrophoretic mobil-
ity shift assay [EMSA])(160). Clone20 contains repeats of alternating A/T- and
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G/C-rich regions (see MATERIALS & METHODS). Clone20 can be regarded as the
archaeal counterpart of the nucleosome positioning sequence 601, a sequence that
energetically favors nucleosome formation, which is used in numerous studies
on eukaryotic histones (320, 352-354). DNA sequences with high similarity to
Clone20 and 601 have thus far not been identified in genomes, but high affinity
sequences may be present on archaeal genomes (163, 221). High affinity sequences
may be involved in positioning histones at or close to regulatory DNA elements,
by means of which they could have an effect on transcription regulation.

Nonspecific DNA is cooperatively bound and compacted by HMfA and HM{B.
Although affinity of HMfA and HMIfB to Clone20 is high, it is unclear whether
high affinity sequences play specific roles in DNA compaction, for instance as
nucleation sites. Here, we use tethered particle motion (TPM) to investigate
the role of the Clone20 sequence in DNA compaction by M. fervidus histones.
The experiments were carried out as described elsewhere (195), using a linear
DNA substrate with the Clone20 sequence at its center (see MATERIALS AND
METHODS).

Our experiments show that both HMfA and HMfB compact the Clone20 sub-
strate, indicated by reduction of the root mean square displacement (RMS) of the
DNA tether in TPM (FIGURE 6.1A and B). Compaction occurs in two steps. The
strong decrease in RMS at high protein concentrations (at >18 nM for HMfA and
>22 nM for HMIB) is similar to that observed for strong cooperative compac-
tion of nonspecific DNA into a hypernucleosome, as has been shown in chapter
4 of this thesis. (FIGURE S6.1). Therefore we conclude that specific binding to
the Clone20 sequence at concentrations <18 nM does not increase the effective
binding affinity of the hypernucleosome, disfavoring a mechanism of site-specific
nucleation, followed by propagation. Compaction is both somewhat more
cooperative (reflected in a steeper slope) and stronger for HMfB than HMfA on
the Clone20 substrate (an RMS of ~77 vs ~72 nm, FIGURE 6.1C). Similar behavior
was observed for nonspecific compaction on a DNA substrate without high affin-
ity sequence (FIGURE S6.1). The compaction at low protein concentrations (5-10
nM for HMfA and 10-22 nM for HMfB) was not observed for nonspecific DNA,
and is attributed to specific binding of HMfA and HM(B to the Clone20 sequence.
In this concentration regime, two populations of tethers with RMS values of ~155
nm and ~134 nm can be observed (FIGURE 6.1A and B). The population sizes
were used to calculate Clone20 sequence occupancy as a function of protein con-
centration, and a Hill equation was fit (FIGURE 6.1D). This yielded a significantly
lower binding constant (K) for binding to this sequence for HMfA than HMfB
(5.7 £ 1.6 nM and 14.6 £ 1.6 nM, respectively). The higher affinity of HMfA for
the Clone20 sequence compared to HMfB is unexpected as the sequence was
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Figure 6.1: Compaction of a DNA substrate containing the Clone20 sequence by HMfA and
HMfB using tethered particle motion (TPM). A) Root mean square displacement (RMS) values
of all DNA tethers incubated with HMfA and B) with HMfB. Fitted mean RMS values are repre-
sented by red and blue dots, respectively. Grey squares represent the individual RMS values. C)
Mean RMS values of DNA tethers with HMfA and HMfB. Error bars represent standard error of the
mean of the replicates. Dashed lines are to guide the eye. D) Binding curve for specific binding
of HMfA and HMfB to the Clone20 substrate. The data points were fit using the Hill binding
model. The binding affinity (K ) resulting from the fitis 5.7 + 1.6 nM and 14.6 + 1.6 nM and the
Hill binding coefficient (n) is 3.6 + 0.8 and 5.2 + 2.0 for HMfA and HMfB, respectively. Error bars
represent the standard error of the mean of the replicates, and propagated error for data points
at saturation.

SELEX optimized for HMfB and is in disagreement with results from EMSA
experiments (160). The difference may be caused by a different pH (7.0 in our
experiments, 8.0 in the experiments of Bailey et al.). The difference in measured
affinity could also be attributed to differences in methodology, with EMSA meas-
uring mobility of protein-DNA complexes in a gel matrix and TPM measuring the
conformation of protein-DNA complexes in solution attached to a glass surface.
The observed reduction in RMS at concentrations <22 nM is attributed to for-

145



Chapter 6

mation of a tetrameric histone-DNA complex (160, 171). This complex does not
function as a nucleation site, as the concentration at which the hypernucleosome
is formed, was not affected by this complex.

A Cooperative extension B No cooperativity||C No extension
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Figure 6.2: Possible mechanisms for involvement of archaeal histones in transcription
regulation. Histones cooperatively bind and compact DNA in hypernucleosomes, which can
be modulated via extension or dissociation from both ends (A). As tetramers (B) or dimers (C),
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Conclusion

A DNA substrate containing the artificial high affinity sequence Clone20 is com-
pacted by M. fervidus histones in two distinct steps, indicating two distinct com-
plexes. At low concentrations, a histone assembly that is likely a tetramer, modest-
ly compacts DNA. Although no sequences with a binding affinity similar to that
of the Clone20 sequence have been identified on the M. fervidus genome thus
far, it suggests a functional role for high affinity sequences. HMfA has a lower K|
than HMfB on Clone20. However, HMfB multimerizes more cooperatively into
a hypernucleosome, and also nonspecifically compacts DNA more than HMfA.
This may reflect a distinct cellular function, with HMfA being able to better po-
sition tetramers and/or hypernucleosomes at specific locations on the genome,
and HM{B forming hypernucleosomes that are more stable than those formed
by HMfA. Differential expression of HMfA and HMfB is in accordance with the
hypothesis that histone variants play a role in transcription regulation, and these
variants may concur with high affinity sequences and different forms of histone
multimers in archaeal transcription regulation.

(Figure 6.2, continued) histones are also able to non-cooperatively bind DNA, thereby inducing
less compaction than a hypernucleosome. Histones can function as transcription factors, possi-
bly binding to specific sequences on the genome (D). These specific sequences may function as
a positioning sequence for the hypernucleosome. Histone variant assemblies that are not able
to multimerize may be able to nonspecifically (E) or specifically (F) prevent hypernucleosome
formation in the promoter region, thereby leaving the promoter accessible to RNA polymerase.
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Materials and Methods
DNA substrate preparation

For the TPM DNA subtrate, the Clone20 sequence (GCACAGTTGAGCGAT-
CAAAAACGCCGTAGAACGCTTTAATTGATAATCAAAGGCCGCAGA,
(164)) was cloned into pBR322, as described previously (127), resulting in plasmid
pRD120. We used PCR to generate and amplify a 685 bp linear substrate contain-
ing the cloned sequence, using digoxygenin- and biotin-labeled oligonucleotides
(195).

Tethered particle motion

The tethered particle motion experiments, data analysis and representation of
results were performed as previously described (322). To select single-tethered
beads, we used a standard deviation cut-off of 8% and an anisotropic ratio cut-off
of 1.3. As measurement buffer we used 50 mM Tris-HCI pH 7 and 75 mM KCl
in water. HMfA and HMfB were kindly provided by John Reeve and Kathleen
Sandman (20). We verified the identity of both proteins using mass spectrometry.
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Archaea appeal to the imagination of many. As inhabitants of hydrothermal vents,
salt lakes, deserts, polar ice, geysers and mines, they raise questions about the
limits of terrestrial life. The prefix ‘hyper’ is connected to archaea, as some are
described to live in hypersaline lakes and hyperarid polar deserts, or are hyper-
thermophilic (355-357). Although extremities draw attention, it should be noted
that many archaea have been identified in more common habitats, such as soil,
oceans and intestines of animals, places that are also occupied by bacteria and
eukaryotes. It seems that many extremophilic and mesophilic archaea are con-
nected via another ‘hyper’ term: the hypernucleosome. This mechanism of DNA
compaction via a rod-shaped histone core around which DNA is wrapped, has
thus far only been found in archaea. The existence of the hypernucleosome was
hypothesized based on micrococcal nuclease (MNase) digestion experiments,
and crystallography studies revealed that archaeal histones really can form these
structures (165, 197). We showed that hypernucleosomes are formed in solution.
Also, we have made predictions on the ability of histones to form hypernucleo-
somes, based on the sequences encoded by archaeal genomes.



General discussion

Histone variants and high affinity sequences

Histones, of which variants are encoded in most archaea, form dimers, tetramers
and larger multimers. The hypernucleosome is potentially a very versatile tool for
genome compaction and transcription regulation. Histone variants can modulate
the structure of the hypernucleosome, which may contribute to a dynamic system
that regulates transcription. Expression of histone variants in response to environ-
mental cues could alter the length, stability or position of the hypernucleosome,
which in turn changes compaction or availability of promoters. Also, specific high
affinity sequences in DNA may position hypernucleosomes or tetramer com-
plexes. Like many unicellular organisms, histones are generally depleted from the
promoter region (246). However, on an individual basis, promoters may be prone
to histone binding, if histones or histone variants have a higher affinity to certain
sequences.

Eukaryotes use expression of histone variants and histone positioning by high
affinity sequences for transcription regulation (191, 358, 359). Histone variants
are (often essential) elements in eukaryotic gene expression, stress response,
development, DNA damage repair and chromatin organization (360-365). Defects
may result in disease. High affinity sites directly influence transcription initiation
and histone remodeling (366). Although functionality of histone variants and
the existence and relevance of high affinity sequences has yet to be established in
archaea, it is not unlikely that these factors have a significant effect on vital cellular
processes in archaea in a similar way as they do in eukaryotes. As the eukaryotic
domain branches off from the domain of archaea, eukaryotes may have inherited
this system from the first eukaryotic common ancestor (FECA). Now that research
on archaeal histones and evolution of archaea are gaining momentum, the func-
tionality of histone variants and high affinity sequences in archaea becomes an
urgent question to be addressed.

Interplay with other NAPs

Archaea express a number of nucleoid-associated proteins (NAPs), of which
histones, the main focus of this thesis, are arguably the best-studied examples.
However, many other NAPs are encoded by the genomes of archaea. Alba, MC1
and Dps are the most widespread examples. In this thesis we focus mainly on
interactions between histones, but we should not ignore the interplay that his-
tones may have with other NAPs, both directly and indirectly. Alba-coding
genes are found in the majority of archaeal genomes, and Alba is able to differ-
entially regulate gene expression (117, 367). Like histones, Alba is hypothesized
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to block the binding sites of the general transcription factors (GTFs), which are
key elements in transcription initiation (117). Therefore it is important to know
what factors influence the competition between Alba, histones and transcrip-
tion factors. Post-translational modification of Alba alters its binding affinity,
which allows for regulation of transcription initiation (119, 368). Alba is able
to induce and constrain twist strain (200). In this way it may indirectly influ-
ence the binding of histones. Although this effect has not been studied for Alba
together with histones, it has for the combination of the local twist-inducing tran-
scription factor-like architectural protein TrmBL2 and one of the histones from
Thermococcus kodakarensis. At a moderate level of twist strain, TrmBL2 is the
dominant protein in terms of DNA binding, whereas at low and high superheli-
cal densities, histones become the main DNA occupant (304). This effect may be
explained by the fact that histones can both left- and right-handedly wrap DNA,
which relieves twist strain. In contrast, TrmBL2 laterally binds DNA, a form of
binding that benefits from a neutral superhelical density. TrmBL2 has been found
in a very limited number of organisms, but Alba, as well as other proteins capable
of altering or stabilizing twist, may influence histone occupancy and positioning
in a similar way as TrmBL2. Furthermore, Alba exhibits DNA-binding properties
similar to those of linker histones found in eukaryotes, which provides potential
structural synergy in binding.

Another notable NAP is the poorly studied MC1, which, like histone dimers,
induces kinks in the DNA. MC1 was suggested to be the main NAP in the
euryarchaeal class Halobacteria and in the genus Methanosarcina, part of the
euryarchaeal class Methanomicrobia (223, 228, 230). Although MC1 has not
exclusively been found in above-mentioned class and genus, it is striking that
the histones of these taxa are either predicted to not form hypernucleosomes, or
to form hypernucleosomes that are likely non-essential for genome compaction
and DNA organization. The hypothesis that hypernucleosome formation is in
some cases non-essential, has been based on the notion that in some phyla, his-
tones predicted to form hypernucleosomes are not equally distributed among its
species, leaving some species without multimerizing histones. This suggests that
MCI plays a role in the compaction of the chromosome when hypernucleosomes
are not formed. The function of MC1 in Halobacteria and Methanosarcina may be
similar to that of the HU-family protein HTa, which also induces kinks in the DNA.
HTa, expressed by Thermoplasma acidophilum, is the main NAP in a species of
which the genome does not encode histones. It was hypothesized that HTa fills the
architectural role that histones play in other archaea (235). Immunoprecipitation
studies found that HTa is mainly located at compacted DNA (369). HTa has a his-
tone-like nucleotide preference and is able to cover both short and long stretches
of DNA, the abundance of which is growth phase dependent (235). Although not
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a sequential homolog of HTa, MC1 may play a similar role as HTa. This functional
conservation has been widespread through all domains, as archaea, bacteria and
eukaryotes express NAPs that can bend, bridge and wrap DNA in order to alter
genome architecture on a global and local level (13).

Discovery and characterization of archaeal histones

The recent emergence of metagenomic sequencing has made available an enormous
amount of genomic information, and with it a large number of histone sequences.
Thanks to this information, the archaeal tree of life is rapidly expanding, and as
a result, the gap between archaea and eukaryotes is narrowing. This gives insight
in how processes such as transcription regulation and genome compaction have
evolved. The identification of the Asgard archaea has not only resulted in the dis-
covery of some thus far eukaryote-exclusive features in archaea, but also revealed
new types of archaeal histones that ask for urgent characterization. The fraction
of archaeal histones that have been experimentally investigated remains small to
date, but high throughput single molecule technologies and systematic sequence
analysis may rapidly lead to a better understanding of how histones interact with
DNA, each other, histone variants and other NAPs, and it may shed light on what
structures they form. The discovery of the hypernucleosome is an important lead
in terms of characterization of histones. Questions about its length, its response to
environmental cues and its role in transcription regulation remain to be answered.
Chromosome conformation capture techniques, which have recently revealed the
architecture of the chromosome of many eukaryotes and some bacteria, will soon
gain a foothold in the archaeal field. It likely is able to give new insights in how the
archaeal genome is organized, and may demonstrate what the role of histones is
in archaeal genome organization.

The hypernucleosome formed by archaeal histones may not only give us a better
understanding of how archaea organize their genomes, but it may also make more
clear what the importance of genome organization is in all domains of life. As
NAPs are functionally conserved, we may find similar mechanisms and structures
in other parts of life. Thus far, hypernucleosomes have not been found in eukar-
yotes, but as all eukaryotes express histones, they may not be exclusive to archaea.
This especially applies to the organisms that are most closely related to archaea.
Also, the hypernucleosome likely is an important link that explains how NAPs
have evolved over time. Until now, archaea have not been proven to cause human
disease, but as more information on the archaeome of humans and animals
becomes rapidly available, they may be identified as the cause of health problems
in the near future. An accurate understanding of archaeal transcription regulation
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and genome architecture may make it a target for treatment. Also, archaea have
been an important source for biocatalysts, and applications for ‘extremozymes’
range from flavor enhancing in the food and feed industry to ink production
and the synthesis of pharmaceuticals (370). Not only extracted enzymes, but also
whole cells are being used for biocatalysis (371). A better understanding of the
archaeal transcription machinery may help in the design of future whole cell bio-
catalysts (372). Furthermore, the role of archaea on the global carbon, nitrogen
and sulfur cycles is only emerging, while greenhouse gases, nitrate pollution and
emission of sulfur oxides are more topical than ever. Insight into the archaeal
DNA organization machinery could potentially also lead to a better comprehen-
sion of the contribution of archaea to geochemical cycles, which affect all life on
earth.
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Summary

SUMMARY

All life on earth contains DNA, which is used to store biological information.
Organisms compact their DNA in order for it to fit inside their cell(s). Specialized
proteins, which are referred to as nucleoid-associated proteins (NAPs), help
organize the DNA to keep it compact but accessible for transcription. These NAPs
often function as DNA benders, bridgers and wrappers. In most eukaryotic and
archaeal species, histones are important NAPs that are able to bend or wrap the
DNA duplex around its core. In this thesis, the histones from archaea are described
in terms of their interaction with DNA.

Archaea, sometimes referred to as the third domain of life besides eukaryotes
and bacteria, are a group of single-cellular organisms that are found in nearly
every habitat on earth. Although optically somewhat resembling bacteria, geneti-
cally they are more related to eukaryotes. Archaea have only been recognized as
a separate domain since the 1970s. Their role in the global geochemical cycles is
significant, and some components of archaea have found their way to technolog-
ical applications. Although archaea are a prominent inhabitant of the human gut,
their role in health and disease has largely to be established. In CHAPTER 1, we
give a broad introduction of archaea as a domain. Also, this chapter gives an over-
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view of transcription regulation in archaea on a molecular level. Furthermore,
we introduce the eukaryotic and archaeal histone, and we highlight their main
differences and similarities.

Recently, it was discovered that some archaeal histones assemble onto DNA as
continuous, rod-like structures, which we named hypernucleosomes. In CHAPTER
2, we describe on a molecular level which components of the archaeal histone
contribute to the formation of the hypernucleosome. We also analyze the primary
structure of all archaeal histones known to date, and we predict if these histones
together with DNA can potentially assemble into hypernucleosomes.

For the characterization of NAPs and their interaction with DNA, single molecule
techniques can be a powerful tool. To study the effect of NAPs on DNA confor-
mation, tethered particle motion (TPM) can be a very useful high-throughput
method. In TPM, the root mean square displacement of a bead tethered to a glass
slide via a DNA duplex gives a read-out of DNA conformation. NAP concentra-
tion and physico-chemical conditions can be varied in order to study their effect
on NAP-DNA assemblies. In CHAPTER 3, we show how TPM can be used when
studying NAPs. Also, we provide new ways of TPM data representation, which
allow insight into how individual measurements contribute to the population
average.

In CHAPTER 4, TPM is used to study how histones HMfA and HMfB from the
archaeal organism Methanothermus fervidus compact DNA. In addition, we use
magnetic tweezers to perform force spectroscopy experiments, from which we
conclude that the hypernucleosome formed by HMfB is more robust than the
one formed by HMfA. We furthermore investigate if the components that were
predicted to contribute to hypernucleosome formation as described in chapter 2,
indeed play a role in that process in vitro. Also, we perform twisting experiments,
which show that HMfB hypernucleosomes are left-handed, but torque can drive
their conformation to change to a right-handed structure.

Like M. fervidus, the genomes of some archaeal species encode multiple his-
tones. An interesting example are the histones from the salt-loving species
Nanosalina sp. J07AB43, belonging to the recently discovered phylum Candidatus
Nanohaloarchaeota. In chapter 2, we predict that some of these histones may be
able to form a hypernucleosome, whereas one particular Nanosalina histone is
very unlikely to do so. In CHAPTER 5, we perform microscale thermophoresis
(MST) experiments of which the results suggest that histone HA together with
DNA assembles into hypernucleosomes, whereas HB does not. We also measure
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at very high salt concentrations, which better resembles the conditions in which
species from Ca. Nanohaloarchaeota are found.

Since archaeal histones can compact parts of the genome, they are likely a part of
the transcription regulation system. It is hypothesized that specific DNA sequences
play a role in the positioning of archaeal histones onto the genome. In CHAPTER
6, the effect of a known specific sequence called Clone20 on M. fervidus histones
is investigated. We find that these histones modestly compact Clone20 DNA at
histone concentrations below 22 nM, whereas this does not happen on a random
DNA sequence. Also, we propose mechanisms by which sequences like Clone20
may interplay with other elements of the archaeal transcription regulation system.

A broad discussion of the work presented in this thesis is given in CHAPTER 7.
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Alle leven op aarde bevat DNA, dat gebruikt wordt voor de opslag van biologische
informatie. Organismen maken hun DNA compact zodat het in de cel(len) past.
Speciale eiwitten, die worden aangeduid als nucleoide-geassocieerde eiwitten
(NAP’s), helpen met het compact doch toegankelijk maken van DNA. NAP’s zijn
vaak eiwitten die DNA buigen, oprollen, of een brug vormen tussen twee DNA
duplexen. In de meeste eukaryote en archaeale soorten worden histonen gebruikt
waar DNA omheen gerold of gebogen wordt. In dit proefschrift wordt beschreven
hoe archaeale histonen interacteren met DNA.

Archaea, soms het derde domein van het leven genoemd naast eukaryoten en
bacterién, zijn een groep eencellige organismen die in bijna elke habitat op aarde
worden aangetroffen. Hoewel ze uiterlijk op bacterién lijken, zijn ze genetisch
meer verwant aan eukaryoten. Archaea worden pas sinds de jaren ’70 van de
twintigste eeuw gezien als een afzonderlijk domein. Ze spelen een grote rol in
geochemische cycli, en sommige componenten van archaea worden gebruikt voor
technische toepassingen. Alhoewel archaea een groot aandeel hebben als bewo-
ners van de menselijke darm, is hun rol in gezondheid en ziekte nog niet duidelijk.
In HOOFDSTUK 1 geven wij een brede introductie van het domein archaea. Ook
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geeft dit hoofdstuk een overzicht van archaeale transcriptieregulatie op moleculair
niveau. Daarnaast worden de eukaryote en archaeale histonen geintroduceerd, en
gaan we in op hun belangrijkste overeenkomsten en verschillen.

Recent is ontdekt dat sommige archaeale histonen samen met DNA een aaneen-
gesloten staafvormige structuur vormen, die wij tot hypernucleosoom hebben
gedoopt. In HOOFDSTUK 2 beschrijven we op moleculair niveau welke compo-
nenten van het histon bijdragen aan de formatie van het hypernucleosoom. Wij
hebben ook de primaire structuur van alle histonen die vandaag de dag bekend
zijn, bestudeerd, en we voorspellen of het mogelijk is dat deze histonen samen
met DNA een hypernucleosoom vormen.

Om NAP’s en hun interactie met DNA te kunnen karakteriseren, kunnen single
molecule technieken uitkomst bieden. Bij het bestuderen van het effect van NAP’s
op de structuur van DNA, is tethered particle motion (TPM) een handige methode
met een hoge verwerkingscapaciteit. Bij TPM drukt de beweging van een balletje
dat via DNA aan een glasplaatje vast zit, de structuur van het DNA nauwkeurig
in cijfers uit. De concentratie van de NAP en fysisch-chemische condities kunnen
worden gevarieerd om het effect daarvan op complexen van NAP’s en DNA te
bestuderen. In HOOFDSTUK 3 laten we zien hoe TPM gebruikt kan worden in een
studie van NAP’s. Ook bieden we nieuwe mogelijkheden waarop data verkregen
via TPM kan worden getoond, die inzicht verschaffen in hoe individuele metin-
gen bijdragen aan het populatiegemiddelde.

In HOOFDSTUK 4 gebruiken we TPM om te bestuderen hoe de histonen HMfA
en HM{B, atkomstig van het archaeale organisme Methanothermus fervidus, DNA
compacter maken. Daarnaast gebruiken we magnetic tweezers om kracht te
kunnen uitoefenen op eiwit-DNA-complexen, waaruit we afleiden dat het hyper-
nucleosoom gevormd door HM{B robuuster is dan het hypernucleosoom gevormd
door HMfA. Ook onderzoeken we of de onderdelen waarvan we in hoofdstuk 2
voorspelden dat ze bij zouden dragen aan de vorming van de hypernucleosoom,
inderdaad die rol spelen in vitro. Vervolgens laten de we resultaten zien van expe-
rimenten waarbij het DNA gedraaid wordt. Die tonen aan dat hypernucleosomen
opgebouwd rondom HM(B , in principe linkshandig zijn, maar onder invloed van
een krachtmoment kunnen veranderen in een rechtshandige structuur.

Zoals bij M. fervidus bevatten de genomen van sommige archaeale soorten
meerdere genen die coderen voor histonen. Een interessant voorbeeld zijn de
histonen van het zoutminnende organisme Nanosalina sp. J07AB43, dat behoort
tot de recent ontdekte stam Candidatus Nanohaloarchaeota. In hoofdstuk 2
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voorspelden we dat sommige van deze histonen een hypernucleosoom kunnen
vormen, terwijl een ander histon van Nanosalina dat hoogstwaarschijnlijk niet
kan. In HOOFDSTUK 5 tonen we de resultaten van microscale thermophoresis
(MST) experimenten, die suggereren dat histon HA samen met DNA inderdaad
hypernucleosomen vormt, terwijl HB dat niet doet. We meten ook bij zeer hoge
zoutconcentraties, die beter overeenkomen met de condities waarin soorten
behorende tot Ca. Nanohaloarchaeota gevonden zijn.

Omdat archaeale histonen delen van het genoom compact kunnen maken, zijn
ze waarschijnlijk ook betrokken bij transcriptieregulatie. Er wordt vermoed dat
specifieke DNA-sequenties een rol spelen in het positioneren van histonen op het
genoom. In HOOFDSTUK 6 wordt onderzocht wat het effect is van een bekende
specifieke DNA-sequentie genaamd Clone20 op de histonen van M. fervidus. We
zien dat deze histonen zorgen voor gedeeltelijke compactie van het Clone20-DNA
bij concentraties beneden 22 nM, terwijl dit bij willekeurig DNA niet gebeurt. Ook
stellen wij mechanismen voor waarmee sequenties zoals Clone20 mogelijk inter-
acteren met andere elementen van het archaeale transcriptieregulatiesysteem.

Een brede discussie van het werk dat in dit proefschrift wordt gepresenteerd,
wordt gegeven in HOOFDSTUK 7.
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