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ABSTRACT: For two decades, the core histone N-termini generally have been thought of as unstructured
domains whose function is to bind to DNA and screen negative charge. New data indicates that both the
molecular mechanisms of action and biological functions of the core histone N-termini in chromatin are
considerably more complex. At the level of the chromatin fiber, multiple distinct functions of the N-termini
are required to achieve higher order chromatin condensation, two of which apparently involve protein-
protein rather than protein-DNA interactions. In addition, the N-termini have been documented to
participate in specific interactions with many chromatin-associated regulatory proteins. Here, we discuss
evidence supporting the new concepts that when functioning in their natural chromatin context, (1) the
N-termini are engaged primarily in protein-protein interactions, (2) as a consequence of these interactions
the N-termini adopt specific secondary structure, (3) posttranslational modifications such as acetylation
disrupt the ability of the N-termini to form secondary structure, and (4) because the N-termini perform
essential roles in both chromatin condensation and also bind specific chromatin-associated proteins, the
global structure and function of any given region of the genome will be determined predominantly by the
core histone N-termini and their specific interaction partners.

The core histones H2A, H2B, H3, and H4 (Figure 1A)
each consist of a uniquely structured histone fold domain
involved in both histone-histone and histone-DNA interac-
tions in the nucleosome (1, 2) and a highly basic N-terminus
whose functions are less understood (reviewed in refs3 and
4). The core histone N-termini present a puzzle to those
attempting to decipher their structure-function relationships.
Despite possessing no apparent propensity to function as
anything other than uncoiled peptides that bind DNA due to
their high positive surface charge density, the core histone

N-termini are nevertheless among the mostly highly con-
served stretches of 25-40 amino acids yet to be discovered.
In particular, the amino acid sequence of both the yeast and
human H3 and H4 N-termini are identical, with the exception
of one conservative substitution (5). This implies that the
N-termini do not function simply by interacting nonspecifi-
cally with the DNA components of chromatin, since such a
mechanism would not require such an extraordinary degree
of sequence conservation. Therein lies the enigma.

Beginning with the pioneering studies of Allfrey et al. (6),
who in 1964 showed that acetylation of the core histone
N-termini is strongly correlated with enhanced transcription,
there has been intense interest in the structure and function
of these histone domains. This interest has never been
stronger, both because of a decade of renewed focus on
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chromatin per se, as well as because of the recent explosion
of papers indicating that numerous proteins heretofore
considered to be transcriptional activators, co-activators, or
repressors are actually enzymes that specifically acetylate
or deacetylate the N-termini, respectively (7, 8). However,
despite over three decades of investigation and the avail-
ability of the crystal structures of both the histone octamer

(1) and the nucleosome (2), the molecular mechanisms
through which the core histone N-termini link chromatin
structure and function remain to be established.

Only when these domains have been studied extensively
in their biologically relevant context, i.e., nucleosomal arrays
and chromatin, has a picture of N-termini function started
to emerge that is consistent with their degree of evolutionary

FIGURE 1: (A) Schematic illustration of the domain structure of the four core histones. Residue numbers in the N-termini indicate the sites
of acetylation. The sites of proteolytic cleavage by trypsin are indicated by the arrows. Brackets indicate the residues that comprise the
histone fold domain. Two each of the core histones comprise the histone octamer (1). A nucleosome core particle contains 146 bp of DNA
wrapped∼1.75 times around the histone octamer (2). Histone octamers spaced at∼200 bp intervals along a DNA molecule form nucleosomal
arrays (11). Nucleosomal arrays complexed with linker histones and other nonhistone proteins comprise chromatin (3, 4). (B) Prediction of
secondary structure within the H3 and H4 N-termini. GORI (55), DPM (56), Gibrat (57), and Homologue (58) methods were employed as
indicated, and have a 60-75% prediction accuracy based on analyses of proteins of known structure. Regions predicted to formR-helices,
â-sheets, orâ-turns are indicated as black rectangles, gray rectangles, or light gray rectangles, respectively. Gaps between regions of
predicted secondary structure represent predicted stretches of random coils. The same analyses performed on the H2A and H2B N-termini
indicated as a general trend that residues 9-14 of H2A and 10-21 of H2B also were predicted to formR-helices.
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conservation. In particular, it is now clear that the core
histone N-termini mediate interaction of many nonhistone
chromosomal proteins with the chromatin fiber and at the
same time perform essential functions required for higher
order chromatin folding. Furthermore, in each instance, the
N-termini do not appear to work through a mechanism in
which these domains behave as unstructured coils that bind
to negatively charged macromolecular surfaces. These ob-
servations in turn suggest several intriguing new concepts
about the structure of the core histone N-termini and how
they function.

N-Termini Function in Chromatin: Multiple Roles for
Protein-Protein Interactions.Approximately 30-40% of
each of the core histone N-termini consist of lysines and
arginines (Figure 1A). This high degree of positive surface
charge density, together with the fact that these domains lack
detectable secondary structure when studied as free histones
or isolated peptides (reviewed in refs9 and10), has led to
the widespread perception that the N-termini function in
chromatin primarily by binding as unstructured coils to the
DNA component of nucleosomes (reviewed in refs4, 10,
and11). In support of this view, interactions of the N-termini
with the DNA of isolated nucleosome core particles have
been well documented in vitro (3, 4, 9, 10). However, it has
recently been established that under physiological ionic
conditions the core histone N-termini and analogous C-
terminal domain of histone H2A arenot stably bound to
nucleosomal DNA in either native chromatin, reconstituted
nucleosomal arrays, or mononucleosomes containing extra-
nucleosomal DNA (12-14). These studies indicate that the
mobile N-termini are forced to rearrange to a nucleosomal
DNA location when intact chromatin is destroyed to create
nucleosome core particles (10, 11). Consequently, the large
body of results obtained from studies nucleosome core
particles in retrospect have provided only glimpses of the
complex functions of the core histone N-termini in their
natural chromatin environment.

In this regard, recent incontrovertible evidence indicates
that one of the primary functions of the N-termini in
chromatin is to specifically interact with nonhistone regula-
tory proteins and multiprotein complexes. The first such
proteins identified were SIR3, SIR4, and TUP1 from yeast
(reviewed in refs15-17). The former two proteins are
involved in establishing stable repression of the silent mating
loci and telomeric chromatin, while the latter functions in
R2-dependent gene repression. In both cases, in vivo analyses
of the chromatin of yeast strains containing site-specific core
histone mutants provided the first indication that the N-
termini were functioning through protein-protein interactions
(15-19). Subsequent in vitro experiments have confirmed
direct interactions between the H3 and H4 N-termini and
SIR3/SIR4 (20, 21) and TUP1 (22). Several chromatin
remodeling complexes also have been shown to bind
nucleosomes and nucleosomal arrays in part through interac-
tions with the core histone N-termini, including theDroso-
phila NURF and yeast SWI/SNF and RSC complexes (23,
24). The yeast nucleosome assembly protein yNAP-1 requires
the N-termini both to form complexes with core histones
and to assemble regularly spaced nucleosomal arrays (25).
Finally, it has recently been demonstrated that the HMG-14
domain responsible for chromatin unfolding specifically
interacts with the N-terminus of histone H3 (26). The

significance of these observations will be discussed further
in the last section of the article.

In addition to interacting with specific chromatin associ-
ated proteins, the core histone N-termini also are essential
for condensation of nucleosomal arrays and chromatin. While
it has been known for many years that the core histone
N-termini contribute to the compaction of the chromatin fiber
(ref 27; reviewed in refs4 and9-11), only recently has the
mechanistic complexity of N-termini involvement in chro-
matin condensation been documented. With it has come the
realization that the molecular mechanisms through which the
N-termini mediate chromatin condensation are fundamentally
different than the DNA charge neutralization-based scheme
that was first proposed (27). Progress in this area has emerged
as a direct consequence of the availability of defined
nucleosomal array and chromatin model systems that are
assembled in vitro from pure histone and DNA components
(28). Initial work with these systems revealed that nucleo-
somal arrays reconstituted with intact histone octamers exist
in equilibrium between unfolded, moderately folded, and
extensively folded conformational states (29, 30). The
moderately folded conformation is an irregular open helical
structure (31) that results from close approach of adjacent
nucleosomes (32). Longer range internucleosomal interac-
tions in cis lead to formation of the extensively folded
conformation, which is as compact as a canonical 30 nm
fiber (30). Importantly, linker histones stabilize the moder-
ately and extensively folded conformational states of nu-
cleosomal arrays, but do not otherwise alter the intrinsic
folding pathway observed when linker histones are absent
(33). Nucleosomal arrays condense further by forming
oligomeric species through a process that is reversible and
cooperative (11, 34).

Evidence that the core histone N-termini are required for
all aspects of nucleosomal array condensation comes from
studies showing that arrays assembled from trypsinized
histone octamers lacking their N-terminal domains can
neither fold (13, 35) nor oligomerize (34) in physiological
salt. Characterization of nucleosomal arrays assembled from
histone octamers that specifically lacked only the H3/H4 or
H2A/H2B N-termini (36, 37) or were differentially acetylated
(38) have revealed the mechanistic complexity of N-termini
involvement in array condensation and also support the
concept that N-termini function in large part through
protein-protein interactions. The selective proteolysis ex-
periments showed that under physiological ionic conditions
only the H3/H4 N-termini are required to mediate formation
of the moderately folded conformation and that high
concentrations of divalent cations could replace this function.
In contrast, although both the H2A/H2B and H3/H4 N-
termini are required to form extensively folded nucleosomal
arrays while oligomerization can occur in the presence of
either the H3/H4 or H2A/H2B N-termini alone, in the
absence of the N-termini, neither of these transitions can be
induced by high salt concentrations (36). These results
indicate that different molecular mechanisms are involved
in the processes through which the N-termini mediate both
short and long-range nucleosome-nucleosome interactions
in cis, as well as the interfiber interactions, leading to
oligomerization.

Importantly, the inability of high salt to induce higher order
folding and oligomerization of trypsinized nucleosomal
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arrays also demonstrates that the N-termini facilitate array
condensation through mechanisms other than simple protein-
DNA interactions (36). This conclusion has been confirmed
by studies of differentially acetylated nucleosomal arrays,
which showed that an unexpectedly low threshold level of
acetylation (equivalent to neutralization of only∼10% of
the total positive charges in the N-termini of each nucleo-
some) was able to destabilize higher order folding to the
same extent as proteolytic removal of all the N-termini (38).
Given their known ability to bind chromatin-associated
proteins, the simplest explanation for the nonelectrostatic
functions of the N-termini in chromatin condensation is that
they also involve protein-protein interactions. Likely can-
didates include internucleosomal N-termini interactions (36,
38) and (or) interaction of one the N-termini with exposed
histone fold domains of other nucleosomes (2).

Are the Core Histone N-Termini Structured When Par-
ticipating in Macromolecular Interactions?Considering that
the N-termini are capable of participating in multiple types
of protein-protein interactions in chromatin, it is natural to
assume that these domains possess specific secondary
structure. Grunstein and colleagues (39) have showed using
helical wheel alignment that a key functional region of the
H4 N-terminus in principle can form an amphipathicR-helix.
In addition, prediction algorithms uniformly confirm that
each of the N-termini possesses the propensity to form one
or more significant stretches of secondary structure (Figure
1B). Thus, while the N-termini are unstructured coils in
solution when studied as free histones and isolated peptides
(9, 10), there is now compelling evidence that the N-termini
adopt specific secondary structure when participating in
macromolecular interactions.

Using circular dichroism, Barne´res et al. (40) have
demonstrated that the H3 and H4 N-termini are∼50%
R-helical when bound to the nucleosomal DNA of nucleo-
some core particles. Due to the phenomenon of N-termini
rearrangement during nucleosome core particle isolation, the
relevance of these observations to N-termini function in
chromatin remains to be established (see above). Neverthe-
less, these results provide direct biochemical evidence for
interaction-induced secondary structure formation of the
N-termini in vitro. Studies of specific yeast N-termini
mutants have provided strong indirect evidence that the
N-termini are structured while interacting with chromatin
associated proteins in vivo and in vitro. Amino acids 1-20
of the H4 N-terminus are required both for repression of the
silent mating loci and telomeric silencing inS. cereVisiae in
vivo (18, 41, 42) and for binding of the H4 N-termini to
SIR3 and SIR4 in vitro (20), and this same stretch of amino
acids is predicted to have the ability to form anR-helix
(Figure 1B). Similarly, amino acids 21-28 of the H3
N-terminus are required for H3-TUP1 interactions in vitro
(22) and also have significant propensity to form anR-helix
(Figure 1B). The observation that the histone acetyltrans-
ferase Gcn5p triacetylates the H3 N-terminus of free histones
but only monoacetylates the H3 N-termini of nucleosome
core particles and nucleosomal arrays (43) further suggests
that the N-termini are structured when complexed with other
macromolecules. Finally, Roth and co-workers have recently
concluded that the biological effects of Gcn5p-dependent
acetylation in vivo are mediated through disruption of
structured domains in the N-termini rather than through

neutralization of positive charge (44). Thus, not only do the
N-termini appear to be structured when participating in
macromolecular interactions, but recent evidence suggests
that the function of acetylation may be to disrupt these
secondary structure motifs (22, 38, 44). It should be noted
that both interaction-induced secondary structure formation
(see refs45-49 and references therein) and acetylation-
dependent disruption of secondary structure (50, 51) have
been demonstrated previously in other systems.

Modulation of Global Chromosomal Domain Structure
and Function by the Core Histone N-Termini.If alteration
of the stability of the nucleosome per se is considered to be
the primary mechanism for regulating the function of
chromatin, as is commonly proposed throughout both the
chromatin and gene expression literature (reviewed in refs
4 and17), it is not apparent why the N-termini should have
evolved dual essential functions relating to higher order
chromatin folding and interaction with chromatin-associated
regulatory proteins. An alternative concept is that a primary
mechanism for regulating chromatin function involves
modulation of the higher order structure of discrete chro-
mosomal domains consisting ofg2-3 nucleosomes as a
consequence N-termini interactions with nonhistone proteins.

The bulk of the chromatin fibers in the nucleus are
complexed with linker histones and exist as a highly
condensed “30 nm” fiber (52). Given that linker histones do
not interfere with essential structural roles of the core histone
N-termini in chromatin folding (33), in principle, both the
structure and function of any given specific region of the
chromosomal fiber can easily be “remodeled” by chromatin
associated proteins that specifically bind the N-termini. When
in the vicinity of the chromatin fiber, such proteins will be
in direct competition with the various internucleosomal
N-termini interactions required for chromatin folding. Under
conditions where the regulatory protein(s) bind to the
chromatin fiber, a subset of the N-termini will be recruited
away from their internucleosomal interactions and conse-
quently will no longer be able to mediate chromatin
condensation. This necessarily will cause local reorganization
of the fiber, where the condensed state of the remodeled
region will simultaneously be influenced by the properties
of the specific chromatin associated protein(s) and the types
and extent of remaining internucleosomal N-termini interac-
tions. Depending on the specific regulatory proteins and core
histone N-termini involved, the bulk 30 nm chromatin fiber
could be molded into essentially an unlimited number of
specific structural and functional states. This includes
everything from decondensed fibers with greatly enhanced
biological activity (38) to extensively condensed heterochro-
matin encompassing genes that are permanently silenced. In
this fashion, we envision that both the structure and function
of any given region of a chromosomal fiber will be dictated
largely by the combination of the core histone N-termini and
their specific interaction partners in that region of the fiber.
An additional attractive feature of this model is that because
the chromatin fiber can in principle be converted into a
decondensed active state through strategic interaction of
regulatory protein(s) with the core histone N-termini, a priori,
there is no need for widespread dissociation of linker histones
as well (53, 54).
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