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Abstract

The core histone tails are critical in chromatin structure and signaling. Studies over the past several
decades have provided a wealth of information on the histone tails and their interaction with
chromatin factors. However, the conformation of the histone tails in a chromatin relevant context
has remained elusive. Only recently has enough evidence emerged to start to build a structural
model of the tails in the context of nucleosomes and nucleosome arrays. Here, we review these
studies and propose that the histone tails adopt a fuzzy complex with DNA, characterized by
robust but dynamic association. Further, we discuss how these DNA-bound conformational
ensembles promote distinct chromatin structure and signaling, and that the fuzzy nature is
important in transitioning between functional states.
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Histone tails: dynamic hubs for chromatin signaling

The eukaryotic genome exists in the cell nucleus as chromatin, a complex between the
genomic DNA and proteins known as histones. The most basic repeating unit of chromatin is
the nucleosome core particle (NCP) (see Glossary), in which ~147bp of DNA wrap around
an octamer that contains two each of the core histone proteins H2A, H2B, H3, and H4 [1].
NCPs are flanked by linker DNA, which is of variable length (~10-70bp) depending on the
local chromatin state [2]. The dynamic organization of these nucleosome particles, both
spatially and temporally, is critical in regulation of the underlying genome and in the proper
execution of all DNA templated processes [3]. Chromatin modulation is orchestrated by a
slew of chromatin associated proteins (CAPs). In addition, post-translational modifications
(PTMs) on the histone proteins can directly regulate chromatin or indirectly regulate it
through modulation of CAP activity [4].
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Much effort has been placed on building an understanding of the structure and dynamics of
nucleosomes and chromatin. Several near atomic resolution structures of NCPs have been
solved, and lower resolution structures of nucleosome arrays and nucleosomes in complex
with CAPs are more recently being tackled. Together, these have given us great insight into
chromatin structure [5-8]. In addition, mechanisms of inherent nucleosome dynamics have
been characterized including DNA breathing (i.e. spontaneous reversible unwrapping) of the
DNA at the entry/exit points [9-11].

However, one component has remained elusive: the histone tails. These are the N-termini of
all four histone proteins, as well as the C-terminus of H2A, that protrude out from the
nucleosome core. These tails are enriched in PTMs and are known to be hubs of chromatin
signaling [12]. They largely do not resolve in the structures of the nucleosome or
nucleosome arrays, indicating a high level of conformational dynamics, which is also
demonstrated by their susceptibility to protease digestion [13]. However, a number of studies
have indicated that they are not fully solvent exposed and have DNA binding potential
(reviewed in [14]). The conformations of the histone tails and the mechanistic basis of their
interactions with CAPs in the context of the nucleosome has thus remained elusive for a
number of years. Here, we review a number of structural and biophysical studies that are
beginning to shed light on histone tail conformations in the nucleosome context, and the
implications in chromatin structure and signaling. We suggest that they exist in robust but
dynamic complex with DNA in the chromatin context, adopting so-called “fuzzy”
conformational ensembles. We further suggest that this provides an added layer of
conformation-mediated regulation. Factors such as histone PTMs and nucleosome binding
that modulate these conformational ensembles can directly regulate chromatin structure and
indirectly regulate downstream signaling.

Studies on histone tail peptides

Each histone tail protrudes from a unique position on the nucleosome core. Though all the
tails are enriched in positively charged residues, each has a unique sequence (Figure 1A),
leading to distinct patterns of PTMs and interaction partners. Notably, the tails are highly
conserved throughout evolution, consistent with their role in signaling.

As early crystal structures largely did not resolve the tails, many early structural studies
focused on representative peptide fragments or isolated histone proteins. The conclusions
from these studies were somewhat conflicting as to if the tails adopt secondary structure or
not. While experimental studies largely suggested that the H2A, H2B, and H3 N-terminal
tails, and H2A C-terminal tails, are primarily unstructured [15], some computational studies
suggested that the H3 and H4 tails have some alpha-helical propensity [16-20].

Early studies also revealed the ability of these histone peptides to associate with DNA,
which was found to be weakened upon acetylation of lysine residues [21-23]. All-atom
molecular dynamics (MD) simulations suggested that the charge neutralization upon DNA
binding can increase the helical content of the H3 tail [19]. Thus, even these early studies
indicated that the tail DNA contacts could be important in structure and signaling. However,
their structural status in the context of the nucleosome remained unclear.
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Histone tail conformations in the context of the nucleosome

While studies on peptide fragments of the histone tails are informative, they do not take into
account the context of the nucleosome. While each tail has a unique conserved sequence
(Figure 1A), within the nucleosome context, the tails are further distinguished by their
unique positioning with respect to the DNA wrap and core fold of the histone proteins. Lack
of resolution of the tails in crystal structures of NCPs, and susceptibility to digestion both
indicate a high degree of conformational flexibility of the tails [13,24]. This often leads to
depictions of the tails as being extended away from the nucleosome core and fully accessible
to modification and CAP association. However, biophysical and biochemical studies have
indicated that the tails do have some effect on the nucleosome core, and it was hypothesized
that this may be due to direct interactions. These earlier studies have been reviewed
previously [5,14,25,26]. Below, we focus on the most recent findings for each of the histone
tails. These utilize a variety of structural and biophysical approaches (Box 1) that together
help paint a picture of their conformations in the nucleosome context. Note that the term
nucleosome will be used to refer to the NCP or NCP containing additional linker DNA.
Where important this will be distinguished.

Histone H3 tails

The H3 N-terminal tails are positioned one each on either side of the nucleosome dyad near
the entry and exit DNA. They extend through the DNA gyres near DNA super helical
locations (SHLs) +6.5/-0.5 and —6.5/+0.5 (Figure 1B). Based on crystal structures, residues
1-37 exist outside of the core and usually do not resolve, and residues 1-27 are sensitive to
trypsin digestion [13]. The H3 tails appear to be largely intrinsically disordered in the
context of the nucleosome with or without linker DNA, with only moderate helical
propensity observed. While circular dichroism studies have suggested the H3 tails adopt up
to 50% helical content [27], NMR and all-atom MD simulation studies indicate that the
unmodified H3 tail is largely intrinsically disordered [28—-30]. However, the helical content
can be regulated by post-translational modification, increasing upon acetylation of lysines
[17,31].

The H3 tails have not been observed to have a large effect on the overall structure of
nucleosome core [32-34], but do impact its conformational dynamics, in particular the
breathing motions of the DNA. Specifically, truncation of the first 27 residues of the H3 tail
in nucleosomes with or without linker DNA leads to differences in DNA breathing
dynamics, with an observed increase in the population of the open state [35,36]. Consistent
with this, truncation of H3 has previously been found to have a small but detectable decrease
in the stability of the nucleosome core [37-40]. This effect is also observed in computational
studies of the nucleosome. Though shorter simulations do not capture DNA breathing
dynamics, spontaneous unwrapping of the entry/exit DNA is observed in long (10s of
microseconds) or high-temperature all-atom simulations, or in coarse-grained simulations. In
these studies, truncation of the H3 tail on a nucleosome with or without linker DNA is
observed to affect the DNA breathing dynamics, changing the overall conformational
ensemble and rate of unwrapping [41-43]. In one coarse-grained simulation of a nucleosome
with linker DNA, the H3 tail and DNA dynamics were observed to be correlated [42].
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Notably, these effects have only been explored for a very limited number of DNA sequences
that form stable nucleosome core structures /n vitro, and effects could be even larger for
different sequences.

Despite the apparent conformational heterogeneity of the H3 tails, they are not seen to be
extended, but rather have been found to be largely collapsed onto the nucleosome with or
without linker DNA. Native mass spectrometry (MS) indicate that the H3 tails adopt a
primarily compact conformation [44], and hydrogen-deuterium exchange MS (HDX-MS)
support that they are protected from exchange in the context of the nucleosome [45]. This
collapsed conformation is consistent with observations of direct interaction of the histone H3
tails with the nucleosome core with or without linker DNA [28,30,46]. NMR, cross-linking,
and a variety of MD simulations all support that the entire H3 tail makes contacts with
nucleosomal and/or linker DNA [28,30,31,42,43,47,48]. This is seen to primarily be driven
through contacts with lysine and arginine, but also includes contributions from polar
residues in the tail [30]. Importantly, these contacts are seen even at physiological salt
concentrations. Consistent with the H3 tails having broad conformational heterogeneity, the
H3 tails are seen to adopt multiple conformations on nucleosomal DNA in multiple all-atom
MD simulations [30]. In addition, cross-linking studies with nucleosomes containing linker
DNA reveal contacts with the DNA at several positions including with both the nucleosomal
DNA and linker DNA [48]. Notably, the points of contact with the nucleosomal DNA (H3T6
with SHL +/-1.5 and +/2.0, and H3A15 with SHL +/-0.5, +/-6.5, and +/-7.0) are primarily
around the entry/exit DNA which is consistent with the H3 tails having an effect on DNA
breathing dynamics.

Despite extensive interactions with nucleosomal and linker DNA, the H3 tails undergo a
high level of conformational dynamics. These dynamics appear to span a broad range of
time-scales, from nano-second to second. NMR analysis indicates that the tails are dynamic
on the sub-microsecond timescale along the entire length of both tails [30]. Additionally, a
single molecule FRET study found that the tails exist in at least four main configurations,
three with DNA near the dyad or linker DNA, and one with the histone core [46], with
transitions between configurations taking place on micro- to milli-second time-scales.
Finally, HDX-MS support exchange on the time-scale of seconds, with the exchange rate
decreasing from the N-terminal to C-terminal end of the tail [45]. Together, this suggests a
model in which the H3 tails forms robust interactions with nucleosomal and/or linker DNA
on the macroscopic level, while microscopically undergoing fast exchange between states of
a large conformational ensemble (Figure 1C) [30].

Histone H4 tails

In contrast to the H3 tails, which extend through the DNA gyres, the H4 N-terminal tails
extend from the face of the nucleosome. Specifically, they are positioned one each on either
face of the nucleosome, extending from the core near SHL +/-2.0 (Figure 1B). Based on the
crystal structure, the N-terminal alpha-helix of H4 ends at residue 23, though the tail is only
sensitive to trypsin digestion through residue 20 [13]. Like H3 tails, the H4 tails are not
extended but collapsed onto the nucleosome core, with HDX-MS supporting a primarily
compact conformation [45]. Cross-linking also supports that the H4 tails interact with DNA,
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however, in contrast to the H3 tails, these contacts are seen entirely with nucleosomal DNA
(H4L10 with SHL +/-1.5 and +/-2.5) [48]. Removing the H4 tails does not have a
significant effect on DNA breathing dynamics. However, removing the H4 tails in addition
to the H3 tails leads to a substantial increase in the DNA entry/exit end to end distance as
compared to removing the H3 tails alone [35]. This suggests cross-talk between the H3 and
H4 tails, which may be due to altered conformational ensembles of the DNA bound state of
one tail upon perturbation of the other (Box 2).

Beyond positioning, a major difference between the H3 and H4 tails is in the conformational
dynamics. Whereas the H3 tail appears to have similar dynamics along its full sequence, the
H4 tail contains two distinct dynamical regions. This difference is likely due both to
positioning of the tails, as well as sequence differences. In particular, H4 residues 16-23
contain a high density of arginine and lysines referred to as the H4 basic patch that is
positioned close to the nucleosome core (Figure 1A). NMR analysis of the H4 tail in the
context of the nucleosome indicates that the first 15 residues undergo fast (sub-microsecond
timescale) conformational dynamics, while residues 16-23 undergo slower (micro-seconds
or slower) dynamics [29]. Similarly, HDX-MS indicates a decrease in the level of deuterium
uptake when comparing the first 15 residues of the tail to residues downstream of Lys16
[49].

The slow conformational dynamics of the H4 tail basic patch is consistent with crystal
structures in which these residues are often resolved and seen to form intra- and/or inter-
nucleosome interactions with DNA or the H2A/H2B acidic patch in the crystal lattice.
Notably, the exact conformation is heterogeneous from structure to structure, indicating a
range of possible configurations. While several studies have confirmed an interaction
between the H4 tail with an adjacent H2A/H2B acidic patch in a nucleosome array [50,51],
recent cross-linking studies reveal that the H4 tail also forms intra-nucleosome interactions
with the H2A/H2B acidic patch and DNA [52-54].

Histone H2A tail

H2A has both N-terminal and C-terminal tails. Similar to the H4 tails, the H2A N-terminal
tails extend from each face of the nucleosome, but are further from the dyad than the H4
tails, near SHL +/-4.5 (Figure 1B). The first 12—-15 residues are generally not resolved in
crystal structures and residues 1-12 are sensitive to trypsin digestion [13]. In comparison,
the C-terminal tails of H2A are positioned very close to the dyad (SHL +/- 0.5) near the H3
tails. They are sensitive to digestion from residue 119 to the C-terminus [13]. Cross-linking
studies indicate the H2A N-terminal tails interact with nucleosomal DNA near SHL +/-4.0
[55,56]. The C-terminal tails interact with nucleosomal DNA as well as linker DNA, similar
to the H3 tails. All-atom MD simulations and crosslinking studies on nucleosomes with
linkder DNA indicate that the nucleosomal contacts occur near the dyad and at SHL +/-6.0
[43,55-58], and are modulated by binding of linker histone [56]. Similar to the H3 tails the
H2A C-terminals tails were suggested to stabilize DNA wrapping [47,58].

NMR studies indicate that residues 1-10 in the N-terminal tails and 118-123 in the C-
terminal tails are unstructured and dynamic on the fast (sub-microsecond) timescale [29],
whereas residues 11-15 in the N-terminal tail were not visible indicating slower dynamics.
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Together, this suggests that the H2A C-terminal tail conformational dynamics are similar to
the H3 tail, experiencing fast conformational dynamics along the length of the tail. In
contrast, the H2A N-terminal tail is more comparable to the H4 tail, with the N-terminal
residues undergoing faster dynamics as compared to the residues closest to the core, which
is consistent with the latter resolving in some crystal structures.

Histone H2B tail

Similar to the H3 N-terminal tails, the H2B N-terminal tails protrude between two DNA
gyres. However, in contrast to the H3 tails, they are positioned away from the dyad near
SHL +4.5/-2.5 and —4.5/+2.5 (Figure 1B). This is very close to where the H2A N-terminal
tails are positioned. Residues 1-28 of the H2B tails usually do not resolve in crystal
structures and 1-24 are sensitive to trypsin digestion [13]. As with the H3, H4, and H2A
tails, the H2B tails have been shown to interact with DNA, making contacts around SHL +/
-5.0 and SHL +/-3.0 [58,59]. A chemical reactivity assay indicates that the entirety of the
tail interacts with DNA, but, reminiscent of the H4 and H2A N-terminal tails, there appear to
be at least two elements along the tail with distinct affinity for DNA. Specifically, the N-
terminal portion of the tail binds weaker than the C-terminal portion. It is not yet clear if this
pattern of dynamics is due to positioning or sequence of the tail, though notably there is a
basic patch at the C-terminus reminiscent of the H4 tail basic patch (Figure 1A).

Consistent with the distinct regions of affinity, distinct regions of dynamics are observed in
all-atom and targeted MD simulations [58]. The N-terminal residues (1-23) sample a broad
range of heterogenous conformations on the DNA surface, while the C-terminal residues
adopt a more restricted conformational state in the DNA minor groove [58]. Consistent with
this NMR spectroscopy studies indicate that only residues 1-24 undergo fast conformational
dynamics (sub-microsecond) on the NMR timescale [29]. Interestingly, while deletion of the
H2B tails has been found to decrease the stability of the nucleosome overall [34], it has also
been found H2B tail deletion decreases the mobility of the histone core on DNA [40,58].
This effect was enhanced by deletion of the H4 tail, again indicating trans-tail cross-talk
(Box 2). It has been proposed that the interaction of the N-terminal residues of the H2B tail
with DNA stabilize the nucleosome, while the C-terminal residues actually destabilize the
nucleosome, promoting looping of the DNA [58].

Together, these studies on the core histone tails indicate that, in the context of the
nucleosome, all of the tails are in a primarily DNA-bound state. Collectively they cover the
entire DNA wrap (i.e. make contacts at every SHL), as well as make contacts with linker
DNA. While these contacts do not appear to alter the structure of the core, they alter the
stability, and the tails positioned near the entry/exit DNA alter the DNA breathing dynamics.
In addition, this presents a major barrier to DNA binding. The tails do not adopt static
conformations but rather experience a high level of conformational dynamics in the DNA-
bound state (Figure 1C). Interestingly, along a single tail there may be different dynamical
regions, all of the tails sample a range of conformations with fast transitions between
multiple states. This is consistent with a so-called fuzzy complex (Box 3). As noted in the
next sections, tail/DNA interactions appear to be critical in chromatin signaling and
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regulation, and we propose that their fuzzy nature is important in transitioning between
functional states.

of histone tail conformation on chromatin signaling and

A major functional role of the histone tails is in chromatin signaling, with the tails
experiencing a high level of PTMs. These PTMs are recognized by histone reader domains,
mediating the interaction of various CAPs with modified nucleosomes and regulating CAP
activity. Until recently, studies of histone tail binding have been largely carried out using
peptide fragments of the histone tails [12,60]. However, this neglects the effect of tail/DNA
interactions. In fact, for several reader domains, histone tail binding affinity has been found
to be substantially reduced in the context of the nucleosome [30,61,62]. While multivalent
contacts can partially overcome this, a decrease in affinity is observed even for multiple
domains [62]. This supports that tail/DNA interactions are robust and have a dramatic effect
on chromatin signaling [28,30,61,62]. Notably, this effect is not limited to reader domains
alone. Several histone modifying proteins or complexes have been found to be inhibited in
the nucleosome context, as well [28,63].

Importantly, this gives rise to mechanisms of PTM cross-talk. Histone PTMs often act in
combination, which is usually thought to involve direct recognition of multiple PTMs.
However, strong interaction of the histone tails with DNA implies that within a specific
functional pattern of PTMSs, some may not be directly recognized but rather be functioning
to alter histone tail dynamics (Figure 2). Indeed, charge-modulating PTMs have been found
to alter the conformational dynamics of the tails on DNA. For example, serine/threonine
phosphorylation and lysine acetylation of the H3 tail have been found to weaken the
interaction with both nucleosomal and linker DNA and promote tail accessibility to readers
and modifying enzymes [28,30,46]. Similarly, mutation of H4K16 to Q increases the
dynamics of the H4 tail basic patch, and mutation or acetylation of lysine residues in the
H2B tail results in tail compaction and weakening of the interaction with DNA [59, 61].
Notably, these histone PTMs do not abrogate the interaction of tails with DNA, but rather
modulate the affinity and conformational ensemble and dynamics of the DNA-bound state.
Recent evidence suggests that PTMs may not only modulate tails in-cis but could affect tails
in-trans (Box 3). Importantly, the effect of only a few PTMs have been tested to date
compared to the plethora of known histone PTMs (Figure 3). The diversity of these PTMs
will likely lead substantial variances in the magnitude and nature of the effect on tail/DNA
interactions.

In addition to regulation by PTMs, tail/DNA interactions can be modulated by DNA binding
factors. Several reader domains have been found to bind to DNA in addition to the histone
tail (see [64] and references therein). For these domains, affinity is actually higher for the
nucleosome as compared to histone peptides. Importantly, beyond providing multivalent
contacts, it has been suggested that reader domain interaction with DNA may also help
displace the histone tails from DNA to expose them for binding [30,64,65]. In some cases,
auxiliary DNA binding domains or proteins may play a similar role [62,66]. For instance,
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HMGN1/2 binding to the nucleosome has recently been shown to alter the conformational
ensemble of the H3 and H4 tails on DNA [48]. Notably, not all DNA-binding factors lead to
increased accessibility of the tails. Binding of the linker histone H1 to form the
chromatosome (Figure 1B) was found to reduce H3 tail dynamics and accessibility
potentially stabilizing it on the linker DNA [28]. Similarly, a recent study found that the H3
tail stabilizes an RNA/DNA triplex formed on the linker DNA of a nucleosome [67]. Thus,
the accessibility can be even more restricted by limiting the available conformational
ensemble.

The weakening of tail/DNA interactions can also regulate machinery acting on the
nucleosome core independent of tail binding (Figure 2). For instance, the presence of histone
tails decreases progression of RNA polymerase Il through a nucleosome. However, mutation
of lysine residues to mimic acetylation in the tails, which would weaken tail-DNA
interactions, positively regulates RNA polymerase Il activity, enhancing progression [68,69].
Similar effects are seen with chromatin remodelers. Acetylation of the H3 tails increases the
affinity and activity of SWI/SNF [70]. Similarly, deletion of the H2A C-terminal tails
increases the activity the ISWI remodelers [71]. For INO80, deletion of the histone tails
leads to conformational heterogeneity of the nucleosome upon initiation of remodeling [72]
and faster remodeling activity [73], indicating that the tails restrain the conformation of the
INO8O bound state and remodeling activity. This regulation is likely due to multiple effects
including enhanced accessibility to binding the core DNA, increased dynamics of the DNA,
and increased mobility of the histone core.

Correlation of H3 and H2A C-terminal tails with DNA breathing dynamics presents a
number of avenues for nucleosome regulation. For instance, the binding of the PHF1 Tudor
domain or CHD3 PHD finger reader domains to the H3 tails promotes partial unwrapping of
the DNA [74,75], indicating that H3 tail binding is likely to regulate DNA binding
dynamics. Inversely, unwrapping of the DNA has been shown to alter the H3 tail dynamics
and accessibility. Specifically, loss of an H2A/H2B dimer leads to an increase in the adjacent
H3 tail dynamics [76]. This was proposed to be due to a decrease in DNA density with
unwrapping of the DNA concurrent with the loss of dimer. For factors targeting partially
unwrapped nucleosomes or subnucleosomal particles as well as the H3 tails, this effect could
lead to cooperative binding and substantially increased activity.

Histone tails in nucleosome arrays and higher order chromatin structure

Beyond the localized interactions of the tails with nucleosomes and effects on chromatin
signaling and regulation, the histone tails have long been implicated in the assembly of
higher-order chromatin structures. Several studies have been performed to assess the effect
of histone tails on inter-nucleosome interactions, nucleosome array compaction, and array
oligomerization, which have been reviewed previously [26,77]. Importantly, the mechanism
by which the tails contribute to these interactions is not due solely to charge-neutralization
and reduction of inter-nucleosome repulsion [78-80], but rather the tails have been shown to
form critical inter-nucleosome interactions [81]. Overall, the order of contribution of histone
tails to compaction is H4 > H3 > (H2A/H2B), though the tails are thought to act
cooperatively [14,77,78]. The conformational details of the inter-nucleosome interactions
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are still being elucidated. However, it is becoming clear that contacts with DNA are key in
the formation and regulation of these structures.

Several experimental and computational studies have revealed that an inter-nucleosome
interaction between the H4 tail basic patch and H2A/H2B acidic patch is important in
compaction of nucleosome arrays [6,7,24,82,83]. In particular, H4K16 is critical and
acetylation of this residue inhibits nucleosome array folding as much as deletion of the
entire H4 tail [51]. Notably, modification of the H4 tail basic patch can also stabilize a
condensed chromatin state, as a methyl-lysine analogue at H4K20 has been observed to
enhance the folding of nucleosome arrays [84]. In addition to interactions with the acidic
patch, inter-nucleosome contacts of the H4 tail with DNA are also important [53].
Interestingly, a crystal structure of a tetra-nucleosome and cryo-EM reconstruction of a 12-
mer array indicate that the H4 tail interaction with the acidic patch does not occur between
every nucleosome in the tetra-nucleosome, but rather at the interface between tetra-
nucleosome subunits [6,7], potentially explaining the importance of the DNA contacts.

Inter-nucleosome contacts between the H3 tail and DNA are also important for compaction
of nucleosome arrays [51,76] and array oligomerization [53,85]. In contrast to the H4 tail,
which makes inter-nucleosome contacts along the entire tail, inter-nucleosome contacts were
primarily seen with the N-terminal portion of the H3 tail [53]. H3 tail inter-nucleosome
contacts were also found to be important both within the tetra-nucleosome and in
oligomerization of tetra-nucleosomes into arrays [86]. Notably, a solid-state NMR study
carried out on a 17-mer nucleosome array indicated that H3 residues 1-35 and H4 residues
1-21 remain very dynamic even in a highly compacted array, suggesting that they sample a
broad conformational ensemble in inter-nucleosome states similar to intra-nucleosome states
[87].

Several recent MD simulations (including all-atom, coarse-grained, and steered) have
investigated mechanisms of inter-nucleosome contacts between mono-nucleosomes or
within nucleosome arrays. In agreement with cross-linking studies, these suggest that all of
the tails form inter-nucleosome contacts primarily through interaction with DNA [88-91].
These include contacts with linker DNA and nucleosomal DNA of an adjacent nucleosome.
Interestingly, which histone tail dominates these interactions is seen to be dependent on
nucleosome spacing and the concentration of linker histones present [88]. Recently,
tail/DNA contacts have also been implicated in liquid-liquid phase separation of
reconstituted nucleosome arrays, which are seen to form tail dependent droplets [92], and
are proposed to be critical in mediating higher order chromatin organization.

Similar to intra-nucleosome interactions, inter-nucleosome tail/DNA interactions have been
shown to be modulated by acetylation of lysine [26]. Modification of the tails appears to
alter the conformational ensembles of the DNA-bound state. Specifically, computational
studies suggest that acetylation does not abrogate DNA interactions, but rather leads to a
more compact conformational ensemble of the tails shifting them away from inter-
nucleosomal interactions and promoting intra-nucleosomal interactions [93,94]. This is also
consistent with observations regarding phase separation, in which the density and stability of
the droplets are reduced upon histone tail acetylation [92].
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The functional benefits of a fuzzy complex

A major benefit of intrinsically disordered regions (IDRs) is their malleability, enabling a
diversity of interaction partners [95]. As outlined above, the histone tails interact with a
broad diversity of partners, from multiple DNA elements to a variety of CAPs. Upon
association with their binding partners, IDRs can adopt secondary structure, remain
unstructured but adopt a single conformation, or remain disordered and conformationally
dynamic. The latter is referred to as a fuzzy complex [96-98] (Box 3). We have suggested
that all of the histone tails adopt a fuzzy complex with DNA in the context of chromatin,
which regulates chromatin structure, CAP activity, and access to the underlying DNA. The
major functional benefit of adopting a fuzzy complex is the relative ease of regulation of the
DNA-bound state [96]. This is due to the fast local dissociation of small regions of the
histone tails. This allows for greater accessibility to post-translational modification. In
addition, this partial dissociation can facilitate quick searching and transfer to a new binding
partner as compared to a rigid bound state. This would facilitate quick transitions from inter-
to intra-nucleosome interactions or vice versa in the regulation of higher order chromatin
structure. In addition, it would facilitate the quick modification of the tails and interaction
with CAPs. Finally, this dynamic state will transiently expose different DNA regions on the
nucleosome itself, facilitating the interaction of transcriptional machinery and chromatin
remodelers with nucleosomal and linker DNA.

Concluding Remarks

Altogether, these studies suggest that all of the histone tails are DNA bound in the chromatin
context. It appears that no matter the state, the tails are conformationally dynamic and
exchange between multiple DNA-bound conformations. However, uniqgue DNA-bound
conformational ensembles contribute to unique chromatin states (Figure 2). The observed
transitions between states are quite fast (hano-second to milli-second), though this does not
preclude that there are also slower transitions occurring. The interaction with DNA appears
to be robust as it can substantially inhibit binding of additional factors. Modulation of these
conformational ensembles are critical in chromatin structure remodeling and signaling.
Factors including nucleosomes spacing, histone PTM, and chromatin binding proteins have
the potential to shift these ensembles and thus regulate the chromatin state. Though
structural models are emerging, there is much yet to be determined about the histone tail
conformations, dynamics, and modulation (see Outstanding Questions). Importantly, there is
also a dearth of /n vivo data addressing the interaction of the histone tails with DNA.
Though, Rhee et al. have identified H3 tail interactions with linker DNA in cells [99], there
is much to be learned about the impact of tail-DNA interactions on cellular processes.
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Glossary

Chromatin-associated proteins (CAPSs)

Trends Biochem Sci. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghoneim et al.

Page 11

all ‘non’-histone proteins that are frequently or transiently bound to and/or processing
chromatin

Chromatosome
a nucleosome in complex with linker histone

DNA breathing
the spontaneous reversible unwrapping of the octamer by the nucleosomal DNA at the entry
and exit points of the nucleosome

DNA gyre
double stranded DNA wraps around the histone octamer in a left-handed manner leading to
two adjacent DNA helices known as super-helical gyres

Dyad
this axis passes through a single base-pair at the center of the nucleosomal DNA,; the dyad
straddles the H3:H3 interface and is denoted SHL 0

H2A/H2B acidic patch

a region on the surface of the nucleosome enriched in acidic residues, composed of six
residues from H2A (E56, E61, E64, D90, E91, E92) and two residues from H2B (E102,
E110); frequently recognized by CAPs

Histone H4 basic patch
a stretch of basic residues spanning Lys16-Arg23 in the N-terminus of H4

Intrinsically disordered region (IDR) or protein (IDP)
a region of a protein, or a whole protein, which does not have the propensity to form stable
secondary structure

Nucleosome

the basic repeating unit of chromatin, composed of an octamer of histone proteins (two each
of H2A, H2B, H3, and H4) wrapped by DNA,; this is distinguished from the nucleosome
core particle as it includes extra DNA than is required for the minimal wrap, termed linker
DNA

Nucleosome array
a series of nucleosomes all formed on a single piece of DNA

Nucleosome core particle (NCP)
the histone octamer (two each of histones H2A, H2B, H3 and H4) wrapped by the minimal
146 or 147 base pairs of DNA needed for a full wrap

Post-translational modifications (PTMs)
small chemical groups (or even small proteins) placed on proteins after their synthesis; these
are usually placed on the side-chain or the very N- or C-terminus of the amino acid

Reader domain
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a small protein domain that can selectively bind to a modification state of a histone;
examples are PHD fingers which recognize histone H3 either unmodified or methylated at
Lys4, or bromodomains which recognize various acetylated lysines on histones

Super helical location (SHL)

a specific DNA helical turn within the nucleosome core particle; the major grooves facing
the histone core are numbered +1 through +7 and -1 through -7 either direction starting
from the dyad (which is denoted 0), and the minor grooves are numbered in half-steps
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Box 1:
Structural and biophysical methods for studying histone tails

Characterizing the conformational ensemble and dynamics of the histone tails in the
nucleosomal context has been challenging as they exchange between a broad range of
conformations. Furthermore, reconstitution of nucleosomes in large quantities can be
challenging, especially if specific post-translational modifications (PTMs) are desired
[100]. Outlined below are methods that have been especially useful for studying histone
tails conformation and dynamics.

Hydrogen /Deuterium Exchange Mass Spectroscopy (HDX-MS) measures the exchange
of protein backbone amide protons with solvent deuterium over time. The rate of
deuterium exchange depends on the amide accessibility to solvent. This technique can
quantify the exchange rates to single-residue resolution if coupled with proteolytic
digestion. It can be applied to conformationally heterogenous samples, does not have a
size limitation and consumes small amounts of sample (< 0.1 mg).

Nuclear Magnetic Resonance (NMR) spectroscopy takes advantage of the magnetic
properties of nuclei providing atomic level information on the structure, dynamics, and
interaction of molecules. NMR is ideal for investigating the structure of conformationally
dynamic and disordered proteins. It can provide structural information as well as
dynamical information from pico-second to second timescales.

Forster Resonarnce Energy Transfer (FRET) takes advantage of the non-radiative transfer
of excitation photon energy from one fluorescent dye (donor) to another dye (acceptor)
providing distance information in biomolecules. It can be applied to heterogenous
samples, is able to monitor conformational dynamics with time resolution from nano-
second to minutes or longer. In addition, single-molecule FRET (SmFRET) can provide
information about transient intermediates of a pathway and about the heterogeneity
among different molecules that is undetectable in bulk measurements. The drawbacks are
that the sample must be properly engineered with dyes and it is often insensitive to small
amplitude motions.

Molecular Dynamics (MD) simulations is an in silico approach to investigating
conformational dynamics, where molecular motions are calculated as a function of time.
Depending on the approach, it can provide atomic level detail of sub micro-second
motions, to lower resolution on longer timescales.
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Box 2:
Histone tail ‘crosstalk’

Histone post-translational modifications (PTMSs) are thought to function in combinations,
with certain PTM patterns contributing to a downstream effect [101,102]. Mechanisms of
cis-tail crosstalk have been studied at the level of peptides and revealed that single or
multiple reader domains can recognize (or exclude) multiple PTMs. However, we know
very little about these mechanisms in the context of the nucleosome. Consideration of a
DNA-bound histone tail suggests a new avenue for cis-tail PTM crosstalk (Figure 2).
Namely, PTMs that alter the conformational ensemble of a tail could alter its accessibility
and thus indirectly regulate binding. Consistent with this, phosphorylation of the H3 tail
in the context of the nucleosome was observed to indirectly enhance BPTF PHD finger
binding to H3K4me3 as well as promote lysine acetylation [28,30]. Conversely, reducing
the conformational ensemble would further restrict tail binding. Though this has not yet
been observed for any PTMs, linker histone H1 has been reported to reduce H3 tail
conformational dynamics and subsequent acetylation and phosphorylation of the tail [28].

Trans-tail PTM crosstalk was first revealed between yeast H2BK123 ubiquitylation and
H3K4 methylation [103,104]. This type of crosstalk has since been observed for other
PTM combinations including H3K79 methylation and H2BK123 (mammalian K120)
ubiquitylation, H2BK34 ubiquitylation and H3K4 and H3K79 methylation, and H4K20
methylation and H3K9 methylation [105-107]. The molecular mechanisms of this
crosstalk have been partially elucidated and include direct effects on enzyme recruitment,
positioning, and activity [108]. However, the conformation of the histone tails may also
be contributing to this crosstalk in an indirect way. This could occur through localized
effects, where changes to the conformational ensemble of one tail may alter an adjacent
tail, likely through altering the available DNA surface. Indeed, this mechanism has been
proposed to be underlying the regulation of the H2B/H3 crosstalk by the H2A N-terminal
tail [109]. Specifically, it was proposed that changes to the H2A tail/DNA interaction
alters the modification of H2B and subsequently H3. Similarly, acetylation of the H4 tail
was recently found to affect the dynamics of the H3 tail [110]. Trans-tail crosstalk could
also propagate through allosteric networks across the nucleosome core. These types of
networks have been identified in molecular dynamics (MD) simulations and, notably,
were altered upon incorporation of histone variants [111]. Allosteric communication
between the a3 helix of H2A and the H3 N-terminal tails has also been observed
[46,112,113]. Finally, loss of the H2A/H2B dimer has recently been observed to alter the
conformational dynamics of the directly adjacent H3 tail, and also alters the
conformational ensemble of the non-adjacent H3 tail, proposed to be induced by changes
in the DNA dynamics [76]. Thus, the conformation of the tails in the context of the
nucleosome is likely a critical contributor to chromatin PTM crosstalk.
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Box 3.
Histone tails adopt “fuzzy” complexes with DNA.

As outlined above, it is clear from biophysical, biochemical, and structural studies that
the histone tails are largely intrinsically disordered and highly conformationally dynamic.
However, a number of biochemical, and more recently structural, studies have supported
that they associate with nucleosomal and linker DNA. Moreover, these are not transient
weak interactions, but rather appear to be robust in nature, capable of competing with
histone binding domains. Together, this indicates that the histone tails in the context of
chromatin form what are known as “fuzzy” complexes with DNA. First introduced in
2008 by Tompa and Fuxreiter [96], the term “fuzzy” in relation to protein/protein
interactions was coined to define complexes in which a substantial amount of disorder
existed in the bound state, that could not be ascribed to a single conformation or even
small number of well-defined conformations. Rather, the bound state is defined by a large
conformational ensemble with small energy barriers between states [98]. This is
favorable due to a reduction of the entropic penalty upon binding (in this case DNA). In
addition, as both histone tails and DNA are polyelectrolytes, this is also entropically
favorable due to large solvent release. Despite the dynamic nature of these complexes,
they can be high-affinity [114,115]. We posit that, similarly, the tails form high affinity
interactions with DNA while retaining a high level of disorder. These ensembles are
likely characterized by fast microscopic dissociation of small regions of each tail
facilitating transition between conformational states, while maintaining slow macroscopic
dissociation of the whole tail, leading to overall high affinity. Each tail likely samples
different ensembles based on the exact amino acid composition (including distribution of
charged residues) and orientation within the nucleosome. Notably, conformational
freedom will also be limited by the fact that it is tethered to the nucleosome core.
Importantly, these bound state ensembles will be modulated through post-translational
modification of the tail, making them critical in chromatin signaling.
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Outstanding Questions Box

Though a few studies have investigated the effect of lysine acetylation or
serine/threonine phosphorylation on tail/DNA interactions, a large number of
post-translational modifications (PTMs) remain unexplored. How do other
histone PTMs alter tail/DNA conformational ensembles and dynamics?

What is the conformational ensemble and dynamics of the tails of histone
variants?

How do the tails affect the RNA/chromatin interface and inversely how does
RNA effect tail/DNA interactions?

How do disease mutations in histones (such as the onco-mutations identified
in the H3 tail) alter tail/DNA interactions? What is the impact of this on
chromatin associated protein (CAP) function?

The molecular details of tail/DNA interactions are becoming clearer at the
single nucleosome level. In nucleosome arrays what are the molecular
determinants of tail conformations?

What is the importance of these interactions in a cellular context? How do the
in vitro generated models translate to in an /n vivo context?
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Highlights

Eukaryotic DNA is wrapped around histone proteins to form nucleosomes
that fold into higher-order chromatin structures, and the local chromatin
structure regulates all DNA-templated processes

All core histone proteins contain intrinsically disordered “tail” regions that
protrude from the DNA-wrapped core and are known to be critical in
chromatin regulation

Recent studies have revealed that the core histone tails adopt multiple
conformations on the nucleosomal and linker DNA,; these tail/DNA
interactions are robust, but exchange quickly between multiple conformations
consistent with a so-called “fuzzy” complex

Intra- versus inter-nucleosome contacts by the tails differentially contribute to
the local chromatin state and thus regulation of DNA-templated processes

Histone post-translational modifications and chromatin associated factors can
modulate these fuzzy conformational ensembles and tail accessibility,
indicating that the tail/DNA interactions are an important regulatory
mechanism of chromatin
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Figure 1. Histone composition and nucleosome structure.
(A) Core histones H2A, H2B, H3, and H4. The core region is represented by rectangle

flanked by the tail sequences. Shown are human sequences with residues that vary between
organisms (only in H2A and H2B) in italics. The positive residues are denoted by a (+). (B)
Left, a crystal structure of the nucleosome core particle (PDB ID 1AOI). Histones are shown
in red and DNA in gray, with the H2A/H2B acidic patch residues shown as black spheres.
The super helical locations (SHLs) are marked with the negative SHLs italicized. Right, a
crystal structure of the chromatosome (PDB ID 5NLO). Histones are shown in red and DNA
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in gray, the linker histone in blue. (C) A model of the broad conformational ensemble
adopted by the H3 tails in the context of the nucleosomes. The tails are blurred to represent
their dynamic exchange between states.

Trends Biochem Sci. Author manuscript; available in PMC 2021 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ghoneim et al. Page 25

Tetra-nucleosome

Compact tail:

PTM induced compaction
promotes intra-nucleosome
contacts

Extended tail: T
promotes inter-nucleosome
contacts

PTM cross-talk:

: g PTMs distal to the target
Tetra-nucleosome interface: PTM weaken tail-DNA interactio

{’;?L”[;),Eﬁg é)gnitr;tcetrs-nucleosome and promote CAP binding

- : H2A/H2B Acidic patch
Transcriptional regulation: . ciclic palc
PTMs that weaken tail-DNA

f r , ¥ Histone PTM
interaction enhance remodeling
and transcription through nucleosomes 0 Tail-DNA weakening PTM

Trends in Biochemical Sciences

Figure 2. Schematic model of histone tail contacts in various chromatin states and regulatory
effects of tail/DNA interactions.

Histones are shown in red, DNA in gray, the H2A/H2B acidic patch as a black oval, and
histone post-translational modifications (PTMs) as cyan ovals or stars. The histone tails are
blurred to represent dynamic exchange within a broad conformational ensemble. Predicted
inter-nucleosome interactions stabilizing the tetra-nucleosome are shown. The intra- and
inter-nucleosome interactions favored by compact and extended tails are shown. A
chromatin associated protein (CAP) is shown with a star denoting a histone PTM binding
pocket, and the effect of PTM crosstalk on CAP binding is represented. The inhibitory
effects of RNA polymerase Il (RNA Pol 1) and remodeler activity, as well as the positive
effect of tail/DNA weakening PTMs, are represented.
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Figure 3. Histone modifications.
Shown are chemical structures for various histone modifications that are expected to change

charge/sterics (top), hydrophobicity/sterics (bottom, left), or all upon conjugation of small
proteins such as ubiquitin or SUMO (bottom, right). These are all expected to alter tail/DNA
interactions.
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