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The acetylation of the core histone N-terminal “tail” domains is now recognized as a highly conserved mecha-
nism for regulating chromatin functional states. The following article examines possible roles of acetylation in
two critically important cellular processes: replication-coupled nucleosome assembly, and reversible transitions
in chromatin higher order structure. After a description of the acetylation of newly synthesized histones, and of
the likely acetyltransferases involved, an overview of histone octamer assembly is presented. Our current under-
standing of the factors thought to assemble chromatin in vivo is then described. Genetic and biochemical investi-
gations of the function the histone tails, and their acetylation, in nucleosome assembly are detailed, followed by
an analysis of the importance of histone deacetylation in the maturation of newly replicated chromatin. In the
final section the involvement of the histone tail domains in chromatin higher order structures is addressed, along
with the role of histone acetylation in chromatin folding. Suggestions for future research are offered in the
concluding remarks.

Histone Acetylation Chromatin Nucleosome Assembly Tails Structure Folding

THE assembly of nucleosomes represents the first acids (depending on the individual histone) that are
strongly positively charged (204,219). The functionstep in a series of structural transitions that organize

newly replicated DNA into the compact yet function- of the histone tails in chromatin fibers is very com-
plex, both in vivo and in vitro (see below), and theally accessible chromatin fibers that are housed in the

eukaryotic nucleus. The protein core of the nucleo- mechanisms through which they act are only now
starting to be deciphered (73,125). It has neverthelesssome, the histone octamer, possesses a tripartite

structure comprising an H32H42 tetramer and two been determined that in nucleosomes the tail domains
project beyond the gyres of encircling DNA, and areH2A/H2B dimers, arranged to form a rotationally

symmetrical particle (14,125). It was once thought subject to a variety of posttranslational modifications,
including acetylation, phosphorylation, methylation,that histones serve predominantly as inert structural

proteins that repress gene activity in a more or less and poly(ADP-ribosylation) (39,189). Acetylation oc-
curs on specific, highly conserved lysine residuespassive fashion. However, the past few years have

provided ample evidence for a contrasting view, that (e.g., K5, K8, K12, and K16 of H4, and K9, K14,
K18, and K23 of H3) (204,219). As a consequencehistones are active participants in both the positive

and negative regulation of transcription through pro- of their disposition in the chromatin fiber, the tail do-
mains can form contacts with DNA as well as withtein–DNA and protein–protein interactions, under

precise yet fluid control. other histones or nonhistone proteins (73). Not sur-
prisingly, such contacts can be influenced by histoneThe regions of the core histones that have been

most implicated both in the dynamic regulation of posttranslational modifications, as has been observed
for the association of the yeast Tup1 protein with his-gene expression and in chromatin structure are the N-

terminal “tail” domains, stretches of �25–40 amino tone H4 (47).
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Over the past several years a direct link between ACETYLATION OF
NEWLY SYNTHESIZED HISTONEShistone acetylation and transcription has been estab-

lished. The observation that a histone acetyltransfer-
The Sites of Modification

ase (HAT) activity found in Tetrahymena is a homo-
logue of the yeast transcriptional activator Gcn5p In addition to the observations of Louie et al.

(123) cited in the Introduction, the work of two other(28) has triggered a series of studies, revealing intrin-
sic HAT activity in a surprising number of transcrip- laboratories provided early evidence for the revers-

ible acetylation of newly synthesized H4. Allfrey andtional activators and coactivators (21,81,139,186,189,
190,196). As a complement to these findings, histone colleagues (168) showed that in duck erythroblasts

nascent H4 was found in un-, mono-, and dimodifieddeacetylation has been mechanistically tied to gene
repression, as evidenced by transcriptional silencing isoforms, the latter described as a simultaneously

monoacetylated/monophosphorylated species. It wasin yeast (24,188), and by the recruitment of histone
deacetylase (HDAC) by factors such as the repressor also observed that 20 min after chromatin assembly,

at least 50% of the new H4 was present in the un-Rb (26,128,131) and the methyl-CpG-binding protein
MeCP2 (96,146,221). The involvement of dynamic modified form, demonstrating acetate and/or phos-

phate turnover. Somewhat different results were ob-histone acetylation in regulating gene activity is now
known to be both fundamental and pervasive, and as tained by Jackson et al. (93) using rat hepatoma tissue

culture (HTC) cells: in this case the “dimodification”such has been the subject of a host of review articles,
covering virtually every facet of the subject (cited of new H4 was ascribed almost exclusively to acetyl-

ation; however, a similar time-dependent deacetyla-above). This aspect of chromatin metabolism will
therefore not be extensively treated in the following tion of new H4 was also observed. Moreover, al-

though newly synthesized H3 in duck erythroblastsarticle. Instead, we will focus on equally important
but relatively less explored topics: the role of histone was “acetylated in about the same proportion as the

‘old’ H3” (168), �50% of total new H3 in HTC cellsacetylation in nucleosome assembly and chromatin
structure. was initially mono- (30%), and di- or triacetylated

(20%) (93). It must be stressed that all of these earlyOver a quarter century ago Dixon and colleagues
demonstrated that newly synthesized histone H4 is studies were performed prior to the advent of sodium

butyrate, trichostatin A, or trapoxin as deacetylase in-reversibly acetylated during spermatogenesis (123).
Despite the many advances that have been made in hibitors; nevertheless, the observed differences in the

acetylation of new H3 most likely reflects an actualour understanding of the regulation of histone acetyl-
ation, and of the steps required for chromatin assem- inherent variability (see below).

The first identification the specific sites acetylatedbly, an explanation for the acetylation of nascent his-
tones has yet to emerge. Still, de novo nucleosome in newly synthesized H4 was made by Allis and col-

leagues, using the ciliated protozoan Tetrahymenaassembly pathway(s) and the histone acetyltransfer-
ases involved are being defined with increasing preci- (34). This organism contains a macronucleus that is

engaged in both transcription and replication, and asion. The following discussion will open with a de-
scription of deposition-related histone acetylation and micronucleus that is transcriptionally silent. During

replication-coupled nucleosome assembly in both mi-the enzymes thought to be responsible. Replication-
coupled nucleosome assembly in somatic cells will cro- and macronuclei, newly synthesized H4 is diace-

tylated exclusively on lysines 4 and 11 (34). Thesethen be examined, with an emphasis on possible
functions for histone acetylation in the assembly pro- sites correspond to lysines 5 and 12 of H4 in virtually

all other organisms, due to a deletion of the argininecess. To place acetylation in a operationally relevant
context, the participation of the histone tail domains at position 3 in Tetrahymena. The “5/12” deposition-

related acetylation pattern of newly synthesized H4in the formation of chromatin higher order structures
will also be addressed, along with the involvement appears to be one of the most highly conserved his-

tone modifications known, having now been posi-of histone acetylation in chromatin folding. Although
seminal contributions will be discussed, in general tively identified in Tetrahymena, Drosophila, and hu-

man cells (184). This precise acetylation pattern canthe following analysis will concentrate on work per-
formed within the past 5 years. Should a more exten- thus be traced through at least a billion years of eu-

karyotic evolution.sive treatment of work on deposition-related histone
acetylation be desired, the reader is directed to previ- The acetylation pattern of newly synthesized H3

is considerably more variable. In Tetrahymena, K9ous in-depth discussions of the topic (8,51), as well
as to a number of additional reviews on the subject and K14 are predominantly acetylated, while in Dro-

sophila lysines 14 and 23 are the preferred sitesof chromatin assembly in somatic and embryonic sys-
tems (1,5,19,27,42,68,99,111,114,167). (184). In the yeast Saccharomyces cerevisiae, the
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lysines at positions 9, 14, 23, and 27 all show some The yeast Saccharomyces cerevisiae contains an
identifiable HAT-B activity (119,120), and the firstacetylation (with K9 and K23 preferred), but most

new H3 is monoacetylated (113). While an initial ex- isolation of a gene coding for a “cytoplasmic” H4
acetyltransferase (or more specifically for its catalyticamination of nascent human (HeLa) H3 showed little

if any acetylation (184), more recent analyses indi- subunit) was achieved in this organism (104,152).
Termed HAT1, the gene revealed a polypeptide withcate that 15% or more of new H3 is acetylated on

lysines 14, 18, and/or 23. Moreover, prior to deposi- a molecular weight of �42–44 kDa (104), a size that
was confirmed using an “in-gel” acetyltransferasetion acetylation appears to be restricted to the H3.2/

.3 subtypes (C. Matson and A. T. Annunziato, unpub- assay (152). Hat1p copurified with another protein,
termed Hat2p (152), which was identified as the yeastlished observations). The reason for this rather strik-

ing variability is unknown: the enzyme(s) involved homologue of Rbap46 and Rbap48, two small pro-
teins that bind the retinoblastoma protein, Rb (161,in acetylating new H3 have not yet been positively

uncovered. 162). Thus, HAT-B “holoenzyme” is a complex,
comprising at least two subunits. Subsequent studiesThe “linker” histones H1 and H5 are not revers-

ibly acetylated, but are instead dynamically modified of human HAT-B identified a Hat1p catalytic subunit
of �44–46 kDa and a complex of �100 kDa (33,by phosphorylation (204,219). New H1 enters chro-

matin significantly underphosphorylated, and gains 207). Notably, the value of �100 kDa corresponds
closely to the estimated size of native HAT-B fromthe phosphorylation pattern typical of S phase H1

after approximately 60 min (93). Phosphorylation oc- calf thymus [98 kDa (191)] and maize embryos
[90–95 kDa (46)]. Consistent with the data fromcurs on serine and threonine residues, in typical cdk

target motifs (S/T-P-X-K/R) (219). yeast and human cells, two subunits of the maize
HAT-B complex have now been described, a 50-kDaFinally, it is noted that nascent H2A and H2B do

not appear to exhibit any special patterns of transient catalytic subunit (HAT-B-p50), and a 46-kDa protein
that is homologous to Rbap46/48 (46,129). Signifi-modification that distinguish them from the “old” or

parental isoforms (36,93). The treatment of these two cantly, the HAT-B complex in Xenopus oocytes also
contains a homologue of Rbap48, along with severalhistones during the discussion of acetylation and

chromatin assembly will therefore be limited. members of the 14-3-3 family of phosphoserine bind-
ing proteins (82). It is therefore becoming apparent

Deposition-Related Histone Acetyltransferases that the enzyme that acetylates nascent H4 is poten-
tially as conserved as the “5/12” deposition patternAt least one histone acetyltransferase (or “HAT”)

responsible for the acetylation of newly synthesized of acetylation itself.
In yeast, Hat2p is required for the high-affinityH4 has been identified with a high degree of cer-

tainty. This is the “type B” or HAT-B histone acetyl- binding of Hat1p to histone H4, as well as for full
catalytic activity (152). In a similar fashion, the p46transferase, which is typically recovered in the cyto-

sol following cellular fractionation. As expected for subunit greatly stimulates acetylation of H4 by hu-
man Hat1p (207). Deletion mutantations further dem-an enzyme involved in chromatin assembly, early

studies revealed that HAT-B is specific for H4, and onstrate that p46 recognizes helix 1 of the central do-
main of histone H4 (207), a region that makes severalis able to acetylate free but not nucleosomal H4 (46,

61,121,122,138,164,170,191,211). Even more tell- contacts with DNA in the nucleosome (125,126). In-
terestingly, the H4 N-terminal tail is not involved iningly, analyses of the specific lysines acetylated by

HAT-B from a variety of sources have identified ei- p46 recognition (207). Nucleosome assembly may
therefore prevent the p46:H4 interaction, which couldther the acetylation of K12 alone [by the Drosophila

(183) and yeast enzymes (104,152)], or the produc- account for the inability of HAT-B to acetylate H4
in chromatin. The association of Rbap46/48 homo-tion of the complete “5/12” deposition pattern [by

HAT-B from Tetrahymena (164), peas (138), humans logues with histone acetyltransferases, deacetylases
(77,193,226), and chromatin assembly factors (102,(33,207), maize (106), and Xenopus (82)]. It is note-

worthy that recombinant Hat1p from yeast is capable 201,206) (also see below) suggests that members of
the p46/p48 family may act as universal histoneof acetylating both K5 and K12 of H4, as opposed to

the single K12 site seen with the native enzyme; it docking proteins (167,207).
As noted above, one of the hallmark features ofhas therefore been suggested that the native enzyme

may be negatively regulated (152). Curiously, in the HAT-B is its apparent cytoplasmic localization, at
least after cell lysis. To determine if human HAT-Bcase of the pea enzyme a third acetyllysine (at K16)

was also noted (138), but whether this reflects the actually resides in the cytoplasm, Verreault et al.
(207) employed immunocytochemistry to detect aactivity of HAT-B in vivo, or indeed of newly syn-

thesized pea H4, is uncertain. FLAG-Hat1p fusion protein in S phase cells. Rather
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surprisingly, most of the fusion protein was located by the likelihood that preassembly histone complexes
may leach out of the nucleus when cells are dis-in the nucleus (although trace amounts were also de-

tected in the cytoplasm); a similar distribution was rupted. Seen in this light, the observation that newly
synthesized H3 is found in a preassembly complexalso noted for Hat2p (p46). It had previously been

reported that yeast Hat1p was found in both the cyto- that is “cytosolic,” and that contains diacetylated H4
(33,101,156,206), does not demonstrate unequivo-plasm and the nucleus, following Western analysis of

the separated cellular compartments (152). A more cally that acetylation occurs in the cytoplasm. A reso-
lution of this question is essential to our understand-recent investigation of yeast acetyltransferases sug-

gests that Hat1p and Hat2p are both present as com- ing of how histones are escorted into the nucleus and
assembled into nucleosomes. For example, if acetyla-ponents of nuclear as well as cytoplasmic HAT

complexes, although in this case the biochemical tion is necessary for histone escort recognition, then
one would predict that acetylation in the cytoplasmfractionation again relied on cell disruption (169).

Studies using Tetrahymena cells (164) and maize em- would be required. If acetylation is not involved in
H3/H4 import, nuclear acetylation then becomes fea-bryos (129) also indicate that HAT-B can be present

in nuclear and cytoplasmic forms, perhaps shuttling sible. The requirement (or lack thereof) for H4 ace-
tylation during chromatin assembly will be discussedbetween compartments.

The best indication that HAT-B (or Hat1p) is re- again, when nucleosome assembly is considered in
more detail below.distributed in response to cellular signals comes from

experiments using Xenopus oocytes and embryos The Hat1p acetyltransferase from yeast has now
been crystallized, and its structure determined at 2.3(82). In oocytes an extraordinarily high level of

HAT-B activity (�104 times that found in typical so- Å resolution (44,45). The enzyme has an elongated
structure, measuring �70 Å in its greatest dimension.matic cells) is found in nuclei, whether isolated by

manual dissection or by biochemical means; how- Hat1p has a curved shape. The acetyl CoA molecule
binds a cleft on the concave surface of the protein,ever, during embryogenesis virtually all HAT activity

redistributes to the cytosol, presumably to rapidly with the acetyl group itself marking the active site.
Based on the assumptions that the H4 tail has an ex-acetylate the H4 that is synthesized at this time (169).

Thus, a picture is emerging of a HAT-B complex that tended structure, that the readily acetylated lys-12
residue lies in close proximity to the carbonyl groupis for the most part nuclear (although easily extract-

able), and that may under defined circumstances be of acetyl CoA, and that Hat1p undergoes no large
conformational changes upon H4 binding, a modeltranslocated to the cytoplasm. It has therefore been

suggested that HAT-B may be cotransported into the has been proposed for the enzyme–substrate interac-
tion (44,45). A segment of the H4 tail (between K8nucleus along with newly synthesized H3 and H4, or

indeed may serve as the transport mechanism for and K16) is thought to bind along a channel that is
long enough to accommodate 6–7 amino acid resi-these histones (82,207).

The apparently mobile nature of the HAT-B com- dues. With K12 aligned adjacent to acetyl CoA, K8
and K16 come to lie opposite two acidic regions atplex raises a question that has not yet been satisfacto-

rily answered, namely, when are newly synthesized the ends of the channel, theoretically engaging in
electrostatic interactions that hold H4 in place. If in-H3 and H4 acetylated? In Xenopus oocytes, large

pools of free histones are stored in nuclear predeposi- stead K5 is aligned near the acetyl group of acetyl
CoA, the fit is not as favorable, although still reason-tion complexes (105) along with stored HAT-B (82),

but cytoplasmic histones are also detectable (223). able. In contrast, aligning K8 adjacent to acetyl CoA
causes a steric clash with the channel (44,45). As theNotably, H4 is stored in a diacetylated isoform in

Drosophila (65,200) and Xenopus (41,222) oocytes authors propose, these considerations may explain
why some of the Hat1p enzymes acetylate K12 vigor-and eggs, and at least in Xenopus the vast majority

of diacetylated H4 appears to be nuclear, with trace ously while leaving K5 unmodified (at least in vitro),
and why K8 and K16 are not modified at all byamounts of monoacetylated H4 seen in the cytoplasm

(222). The selective nuclear accumulation of both di- Hat1p. Consistent with this interpretation, experi-
ments performed using the HAT-B complex fromacetylated H4 and the HAT-B complex strongly sug-

gests that acetylation is a nuclear event in oocytes. maize suggest that K12 tends to be acetylated prior
to K5; however, this preferred order of acetylation isIn contrast, the situation during replication-coupled

nucleosome assembly in somatic cells is not so not rigidly maintained (106).
Indirect evidence for the model of H4 binding pro-readily defined. Here, the rapidity with which nascent

histones are transported into the nucleus renders a posed above has recently been obtained. It was rea-
soned that, if the charged side chains of K8 and K16precise ordering of the acetylation–translocation

pathway uncertain. Analysis is further complicated bind Hat1p electrostatically, then neutralization of
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their positive charges (e.g., by acetylation) would de- outlined in several informative review articles (1,5,
19,27,42,69,99,111,114).crease the enzyme–substrate interaction. To test this

hypothesis, synthetic H4 tail peptides, either unmodi- Histone octamers that are assembled de novo con-
tain old as well as newly synthesized histones, butfied or variously acetylated on K5, K8, K12, and

K16, were used for in vitro HAT-B assays. As pre- the assembly of the hybrid octamers is not random.
Virtually all newly synthesized H3 and H4 are assem-dicted, an H4 peptide previously acetylated on K8

and K16 was a very poor substrate for HAT-B bled onto newly replicated DNA; nascent H2A, H2B,
and H1 are deposited onto nonreplicating chromatin(�15% relative to the unacetylated peptide) (A. Ma-

kowski and A. T. Annunziato, unpublished observa- regions through a process of histone exchange (10,
89,90,92). It is therefore clear that the assembly oftions). Treating the “8/16” acetylated peptide with

histone deacetylase prior to the HAT-B reaction re- new DNA requires parental H2A/H2B and H1, dis-
placed from elsewhere in the genome. Consistentstored acetylation to �70% of control levels. These

data demonstrate that the site-specific acetylation of with the hypothesis that exchange is driven by tran-
scription (87,88), it has been shown that H2A/H2Bhistone H4 can regulate the subsequent acetylation

of other substrate sites. This may provide a general exchange occurs selectively on chromatin regions
containing acetylated H4 (156). Whether the dis-mechanism for the control of histone acetylation in

vivo. placed histones bear any special posttranslational
modifications is unknown at this time; nevertheless,Several groups have examined yeast hat1 and hat2

null mutants in an attempt to elucidate the role of in vitro studies have demonstrated that unmodified
(nuclear) H2A/H2B can be properly assembled ontoHAT-B, and the function of acetylation during chro-

matin assembly. Neither hat1, hat2, nor hat1/hat2 replicating plasmid DNA (182). Possibly because the
assembly of hybrid octamers runs counter to intuitivedouble mutants exhibit any obvious phenotype except

for the loss of enzyme activity (104,152,169). More- predictions, this aspect of histone deposition was rel-
atively slow to emerge. The many lines of evidenceover, the hat1,gcn5 double HAT mutant (see Intro-

duction) was slow growing but viable, and displayed leading up to the conclusion that octamer assembly is
nonconservative have been previously reviewed (7).no phenotype distinct from the gcn5 mutant alone. As

these investigators point out, yeast has many histone Nucleosome assembly occurs in a stepwise fash-
ion (summarized in Fig. 1). As shown for replication-acetyltransferases with overlapping specificities (120,

225), which may account for the absence of syner- coupled nucleosome assembly in vitro, first newly
synthesized H3 and H4 (acetylated in the respectivegistic mutational effects. Significantly, the acetyla-

tion of newly synthesized H4 has not been directly “deposition type” patterns) are placed onto new
DNA, followed by a pair of H2A/H2B dimersexamined in any of the mutants.
(3,53,182). It is almost certain that H3 and H4 are
deposited as a preassembled H32H42 tetramer (33,
105,156,206). During the 30–60 min following his-

REPLICATION-COUPLED tone deposition, H3 and H4 are gradually deacety-
NUCLEOSOME ASSEMBLY lated as the nascent chromatin matures (7,8,219). At

some point during this process [perhaps immediatelyHistone Octamer Assembly
after core histone deposition (18)], H1 is added to the
newly assembled nucleosome (224). Because parentalThe duplication of chromatin fibers following

DNA replication involves two coordinated processes: histones segregate dispersively to both arms of the
replication fork (as discussed below), de novo assem-the transfer of parental histones to new DNA (often

termed nucleosome or histone segregation), and the bly takes place between clusters of “old” parental
nucleosomes. Thus, for some period both daughterassembly of nucleosomes de novo (summarized in

Fig. 1). Both processes have received considerable duplexes contain regions of incompletely assembled
DNA.attention and are becoming increasingly well under-

stood. It is not the purpose of this review to provide Of prime importance is the means by which the
highly cationic histones are deposited onto DNA ina comprehensive analysis of chromatin biosynthesis.

Rather, this section will focus on features of chroma- the orderly manner just outlined. Many negatively
charged molecules, including RNA (147), are capabletin replication that touch upon histone acetylation.

Nucleosome assembly de novo will be described of driving nucleosome assembly in vitro (42,114).
One feature that has been used to identify bona fidefirst, followed by a description of the relationship be-

tween acetylation and nucleosome segregation, and a assembly factors is the ability to selectively assemble
newly replicated DNA. An in vitro system that hasconsideration of chromatin higher order folding. Ad-

ditional aspects of nucleosome assembly have been been exploited to detect chromatin assembly factors
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Figure 1. Overview of chromatin replication and assembly. Parental histone octamers segregate in groups to both sides of the replication
fork, where their association with histone H1 is quickly reestablished. In the gaps produced by dispersive segregation, de novo nucleosome
assembly proceeds in a stepwise fashion. First newly synthesized H3/H4 tetramers, acetylated in specific deposition-related patterns, are
deposited onto the nascent DNA. Next, preexisting H2A/H2B dimers (generated through histone exchange in nonreplicating chromatin)
associate with the H3/H4 tetramers. Lastly, histone H1 is deposited, and new H3 and H4 are deacetylated. Please see text for details and
references.

in somatic cells relies on replicating SV40 DNA, T cytosol; all three are present in nuclear extracts (101,
206). Homologues and/or counterparts of the humanantigen (required for replication initiation), a cyto-

solic extract from human 293 cells, and a nuclear ex- CAF-1 subunits have been identified in Drosophila
and yeast (98,102,201), and CAF-1 activity has alsotract. The cytosolic extract contains small amounts of

soluble, newly synthesized histones, along with cellu- been observed in Xenopus egg extracts (57,97). In
somatic cells CAF-1 is concentrated in the interphaselar proteins that support the replication of double-

stranded DNA. Only in the presence of added nuclear nucleus (133,181), and during S phase p150 and p60
colocalize with replication foci (110,133,192).extract are nucleosomes assembled onto the repli-

cated products (187). The interaction of the CAF-1 subunits with each
other and with histones has been closely examined.Fractionation of the nuclear extract revealed a fac-

tor that was required to link chromatin assembly to p60 and p150 make direct contact within the CAF-1
complex (101). As noted above, the cytosolic extractDNA replication. Termed CAF-1 (chromatin assem-

bly factor 1), this factor was initially described as contains soluble core histones, including newly syn-
thesized H3 and H4 in the appropriately acetylatedhaving five subunits, but was subsequently deter-

mined to have three: p150, p60, and p48 (180,182). isoforms. Nascent H3 and H4 form a cytosolic preas-
sembly complex, and can be coimmunoprecipitatedThe difference was ascribed to phosphorylation of the

p60 subunit (182). Very little p150 is present in cyto- using antibodies that recognize acetylated H4 (33,
101,156). However, antiacetylated H4 antibodies im-solic extracts, while p48 and p60 are abundant in the
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munoprecipitate only a subset of p60 from the cyto- may result, not from their acetylation, but from the
fact that these histones are already “primed” for as-solic extract, unless additional recombinant p150 is

added (101). It was therefore concluded that p150 is sembly through their association with p48 in the cyto-
sol (see Note Added in Proof). Nevertheless, sincerequired for p60 to interact with H3/H4 (101). In con-

trast, H3/H4 plus all three CAF-1 subunits can be p46 (a subunit of the HAT-B holoenzyme) and p48
appear to compete for the same binding site on H4,extracted from nuclei as members of a single com-

plex, termed “CAC” (i.e., chromatin assembly com- it is likely that acetylation occurs prior to the assem-
bly of the p48:H3/H4 complex.plex). This suggests that the ultimate assembly of

CAF-1 with H3/H4 is a nuclear event. The precise role of CAF-1 in assembling cellular
chromatin in vivo is still incompletely resolved. Dele-The p48 subunit of CAF-1 is identical to Rbap48,

a WD-repeat protein that binds to the retinoblastoma tion of all three genes (CAC1, CAC2, and CAC3)
coding for the CAF-1 subunits in yeast does not pre-gene product Rb (161,162), and that is closely related

to the p46 subunit of the HAT-B acetyltransferase vent nucleosome assembly, or decrease cell viability
(102). However, deletion of one or more of the CAF-1(please see the discussion of HAT-B). Rbap48 and

its homologues are also found to be complexed with subunits causes increased sensitivity to ultraviolet ir-
radiation, derepression of genes adjacent to telo-histone deacetylase and chromatin remodeling fac-

tors, as well as with CAF-1 from other species (134, meres, and partial activation of silent mating loci (48,
49,60,100,102,142). Along these lines, the acetyla-193,201), and Xenopus Hat1p (82). Consistent with

its many roles in chromatin metabolism, p48 binds tion of H4 on lysine 12 has been linked to transcrip-
tional repression in yeast (25), and K5/K12 H4 ace-histone H4 in the absence of p60 or p150, and is a

member of the cytosolic H3/H4 complex (206). tylation has been observed during the assembly of
mammalian heterochromatin domains (192). It hasThe addition of nuclear (mostly unmodified) his-

tones to the in vitro chromatin assembly reaction re- therefore been proposed that the loss of CAF-1 activ-
ity results in the assembly of under- or incorrectlysults in the indiscriminate assembly of replicating and

nonreplicating plasmids alike, either in the presence acetylated histones, which prevents the establishment
of the repressive chromatin structure (49,102,142,or absence of CAF-1 (182). This suggests that there

are assembly activities other than CAF-1 in the cyto- 192); however, this model has recently been chal-
lenged (205). Notably, the p150 subunit of CAF-1solic extract (see below), and further, that the CAF-

1-mediated assembly of replicating DNA requires the binds directly to HP1 proteins, which are structural
components of pericentric and (in Drosophila) telo-cytosolic (acetylated) histone pool. Moreover, when

H3 and H4 are immunodepleted from the cytosolic meric heterochromatin (145). This interaction pro-
vides a direct connection between a CAF-1 subunitextract, only nuclear CAC, which contains acetylated

histones, can restore assembly activity; the CAF-1 and the maintenance of heterochromatin domains,
which does not specifically involve the K5/K12 ace-subunits alone are ineffective (206). Of course, a his-

tone-deficient extract is not expected to assemble tylation pattern of nascent H4.
As mentioned above, deletion of the CAF-1 subunitschromatin, and it would be of interest to see if recom-

binant (unmodified) H3/H4 could effect chromatin also results in a heightened sensitivity to UV light. It has
now been demonstrated that CAF-1 functions to reas-assembly in depleted extracts when CAF-1 is present.

This leads to the question, “How important is acetyla- semble chromatin during DNA repair (57–60,
135,140,141). One molecular link between DNA repli-tion for CAF-1 to bind and deposit H3/H4?”

Given that none of the CAF-1 subunits have to cation and repair involves PCNA (proliferating cell nu-
clear antigen), which functions as a DNA polymerasedate been shown to uniquely recognize acetylated H4

(or H3), it may be premature to postulate that selec- sliding clamp (56,107,171). Following replication,
PCNA persists on the new DNA until it is unloaded bytivity depends on acetylation per se. For example, vir-

tually all newly synthesized, cytosolic H3/H4 sedi- RFC (replication factor C) [reviewed in (208)]. The
CAF-1 p150 subunit recognizes PCNA, providing aments as a �100-kDa complex, considerably larger

than the H3/H4 tetramer alone (53 kDa) (33). As has mechanism for the recruitment of CAF-1 to the sites of
DNA replication and repair (175). The unloading ofbeen discussed, this anomalous sedimentation can be

ascribed to the association of p48 with H3/H4 (206). PCNA by RFC prohibits subsequent nucleosome as-
sembly (175), which accounts for the observed inabilityBecause p48 can still bind an H4 molecule from

which the N-terminal tail has been completely de- of CAF-1 to assemble chromatin more than 120 min
after passage of the replication fork (97).leted (206), binding is clearly independent of acetyla-

tion status. In addition, p48 does not bind histone H3 Analysis of the histones associated with CAC pu-
rified from the nuclei of human 293 cells yielded(206). Thus, the requirement for “cytosolic” H3 and

H4 during CAF-1-mediated nucleosome assembly somewhat surprising results. H3 present in CAC was
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predominantly unacetylated (�60%), the remainder logue of human NAP-1. NAP-1 was first described
as a potential nucleosome assembly factor by Ishimibeing monomodified (probably by acetylation). CAC-

associated H4 was a mixture of unacetylated (33%), et al. (83,85). This �60-kDa protein can bind all four
histones (with a preference for H2A and H2B), andmonoacetylated (33%), diacetylated (33%), and tri-

acetylated (trace) isoforms, with detectable acetyla- is able to assemble nucleosomes on nonreplicating
DNA (84). NAP-1 can also facilitate transcriptiontion on lysines 5, 8, and 12 (but not 16) (206). While

it is possible that the acetylation of lysine 8 is a nor- factor access to DNA in vitro, by disrupting histone–
histone and histone–DNA interactions (210). In Dro-mal part of the deposition-related pattern of H4 ace-

tylation, heretofore overlooked, other explanations sophila embryo extracts, NAP-1 acts to chaperone
H2A/H2B dimers during ATP-facilitated chromatinfor this result are possible. For example, the complete

deacetylation of as much as one third of CAC-associ- assembly (29,86). A yeast homologue of NAP-1 has
also been described (55).ated H4, as well as the unpredicted acetylation of H4

on K8, may result from postdeposition events—a NAP-1 is highly abundant in cytosolic extracts
prepared from HeLa cells, from which it can be coim-consequence of the acetylation and deacetylation of

newly deposited histones. This, and the considerable munoprecipitated with H2A (33). Thus, there is evi-
dence for two independent histone complexes inevidence that CAF-1 mediates chromatin assembly at

the sites of DNA repair, makes it possible that the human cytosolic extracts: p48 in association with
H3/H4; NAP-1 with H2A (and possibly H2B) (33,acetylation patterns of nuclear CAC-associated his-

tones do not entirely result from typical assembly 156,206). Because it must be recalled that replica-
tion-coupled H2A/H2B deposition involves “old”events.

The viability of yeast CAF-1 mutants establishes H2A/H2B, which has been displaced from nonrepli-
cating chromatin, it has been suggested that NAP-1that multiple chromatin assembly pathways must ex-

ist. Recently, a novel factor, termed RCAF (replica- acts as a molecular escort for in vivo H2A/H2B ex-
change (33). In support of this, a recent comprehen-tion-coupling assembly factor) was discovered in

Drosophila embryo extracts (200). RCAF mediates sive analysis of protein–protein interactions in yeast
demonstrated, through two independent two-hybridchromatin assembly after DNA replication, and after

the repair of DNA double-stranded breaks. Cloning screens, that yeast NAP-1 interacts with H2A in liv-
ing cells (202). This finding, along with the observa-of the gene for the largest of the three RCAF poly-

peptides revealed it to be the Drosophila homologue tion that NAP-1 can shuttle between the cytoplasm
and the nucleus (86), would further suggest thatof yeast ASF1 (anti-silencing function 1), which de-

represses transcriptional silencing when overex- NAP-1 is involved in the assembly/exchange of H2A
(and H2B).pressed (115,178). Strikingly, microsequencing of the

two smaller RCAF polypeptides showed that they are
histones H3 and H4; moreover, both of these histones Histone N-terminal Tails and Nucleosome Assembly
are acetylated in specific Drosophila deposition-type

The evolutionary conservation of histone acetyla-patterns: H4 on lysines 5 and 12; H3 on lysine 14
tion, and its numerous ties to replication and tran-(200). CAF-1 and RCAF assemble chromatin syner-
scription, have prompted scores of investigations intogistically in vitro, and the simultaneous disruption the
the function of the histone N-terminal tails [reviewedCAC1 and ASF1 genes in yeast had a dramatic dere-
in (39,73,189,220)]. In this section we will concen-pressive effect on telomeric and mating-type silenc-
trate on the possible role of these histone domains,ing, greater than that observed in either mutant alone
and the acetylation thereof, in chromatin replication(200). Still, and rather remarkably, the double-
and assembly. Most of this work (but not all) hasmutants remained viable (though less than robust),
been performed in yeast [reviewed in (1,8,67,76,and so clearly must be able to assemble chromatin
179)]. While it is not possible to provide a completethrough yet another pathway.
examination of this considerable literature, someThe deposition of H2A and H2B in somatic cells
points can be highlighted, as follows:has not been as extensively investigated as the H3/H4

assembly pathway. H2A and H2B are not reversibly 1. Yeast cells with deletions of the N-terminus of any one
of the core histones are viable, although slow growingmodified during chromatin assembly, and unlike
(103,132,144,172,209).H3/H4, purified nuclear H2A/H2B can substitute for

2. Yeast with simultaneous deletions of the N-termini of“cytoplasmic” histones during replication-coupled
both H2A and H2B are inviable (172).

nucleosome assembly in vitro (182). In Drosophila 3. Similarly, cells lacking both H3 and H4 N-termini are
embryo extracts H2A and H2B are stored complexed also inviable (118,144).

4. Individually replacing any one of lysines 5, 8, 12, andto the protein dNAP-1 (86), the Drosophila homo-
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16 of H4 with positively charged arginine (which cannot Nucleosome assembly in vivo was then examined
be acetylated) has no adverse effects on cell viability or by monitoring the superhelical density of an endoge-
doubling time (43,137); however, altering lysine 16 to

nous 2-µ plasmid present in these strains, based onan electrostatically neutral amino acid prevents repres-
the principal that each nucleosome adds one negativesion of the mating type loci (95,151).

5. Altering specific pairs of lysines of H4 (e.g., 5–8, 5–12, superhelical turn to covalently closed DNA. In com-
8–12) to arginine—thereby precluding acetylation— bination with H3∆4-30, the simultaneous (and lethal)
slightly increases doubling time; substituting three ly- K5, 8, 12→G mutations of H4 significantly reduced,
sines simultaneously (5–8–12) has a greater effect.

but did not eliminate, plasmid supercoiling in vivo.6. When all four of the acetylatable lysines of H4 are re-
Extracts prepared from these cells were relatively in-placed with arginine the mutant cells either grow very

slowly (43,151) or are inviable (137); converting these efficient at assembling chromatin on nonreplicating
residues to uncharged amino acids increases doubling plasmids as measured by the supercoiling assay, but
time twofold (137,151); corresponding mutations of the were not devoid of assembly activity. The other H4
acetylatable lysines of H3 have minimal effects (132).

triple mutations (K5, 12, 16→G; K 8, 12, 16→G; and
K5, 8, 16→G) also decreased supercoiling both inFrom the above results it can be concluded that,

when wild-type H3 is present, it is necessary for H4 vivo and in vitro, but to a lesser degree (130).
K to G mutations mimic the charge neutralizingto be acetylatable on at least one lysine residue for

cells to be viable; that the deacetylation of H4 at ly- effect of acetylation, but not the specific structure of
lysine or acetyllysine. Also, replacing the first foursine 16 is required for normal mating efficiency; and

that the specific 5/12 diacetylation of newly synthe- lysines of H4 with glycine will yield a stretch of 13
consecutive hydrophobic residues, 11 of which aresized H4 is dispensable for nucleosome assembly. It

also appears that the N-terminal tails of H3 and H4 glycine. It is difficult to predict what effect this might
have on the structure of the H4 N-terminus, 50% ofmay compensate for each other to some degree. To

investigate this further, Ling et al. (118) examined which may normally be in α-helical subdomains (16).
In light of these considerations, suppression of thethe effects of deleting and/or interchanging the N-

terminal domains of H3 and H4. lethal phenotype in H3∆4-30 cells by maintaining ei-
ther K5, K8, or K12 of H4 may suggest either 1) thatExchanging the H3 and H4 tails yielded viable

cells; however, neither the H3N-H4C nor the H4N- when the H3 tail is absent acetylation is required at
one of these sites; 2) that at least one of these lysinesH3C chimeric proteins were able to support viability

when coexpressed with a deletion of the remaining must remain positively charged and unmodified; 3)
that the specific structure of acetyllysine is requiredH3 or H4 N-terminus, respectively (118). This is in

contrast to the results outlined above in item 1, de- (at one site); or 4) that at least one hydrophilic resi-
due is needed to preserve tail substructure. Becausescribing the viability of single tail deletions. When

(inviable) mutants with simultaneous deletions of the the triple 5, 8, 12→R H4 mutation was not examined
in the H3∆4-30 background, and K→Q mutations (toH3 and H4 tails were examined, some defects in

nucleosome assembly were noted in vivo, and with preserve tail hydrophilicity) were not attempted, it is
not possible at this time to choose between these pos-nonreplicating plasmids in vitro using cell extracts.

The effect was more pronounced in vivo, although sibilities. Moreover, the acetylation of H3 and H4
may itself reduce plasmid superhelicity (148,149). Itassembly was not completely prevented in either

case. is therefore unclear if the lethality observed is due to
insufficient nucleosome assembly, improper chroma-To more precisely define the extent of compensa-

tory acetylation between H3 and H4, site mutations tin folding, or some other disrupted function.
Zhang et al. (225) have examined the effects ofand deletions of these histones have been combined

in yeast, and the effects on cell viability and chroma- combining mutations of H3 and H4 at the deposition-
related acetylation sites. Newly synthesized yeast H3tin assembly assessed (130). Mutation of lysines 5

and 12 of H4 (the sites of deposition-related acetyla- is preferentially (but not exclusively) acetylated on
lysine 9 (113). It was found that H3: K9→R substitu-tion) to glycine or arginine, coupled with an H3∆4-

30 deletion, permitted cell viability and nucleosome tion, together with H4: K5, 12→R, extended dou-
bling time only slightly. Similar results were obtainedassembly. Similarly, K5, 8, 16→G, K5, 12, 16→G,

and K 8, 12, 16→G cells were also viable in the ab- with K→Q mutations. Notably, concurrently altering
seven of the nine acetylatable lysines of H3 and H4sence of the H3 tail. In contrast, simultaneously

changing K5, K8, and K12 to glycine, or all four of (K5, 8, 12 of H4; K9, 14, 18, 23 of H3) to either
glycine or arginine yields viable yeast cells, althoughthe acetylatable lysine residues to glycine, was lethal

in combination with H3∆4-30. Retaining just one ly- substantial derepression of telomeres is observed
(195). In light of this, it is difficult to argue that thesine at position 5, 8, or 12 conferred viability again.
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compensatory acetylation of new H3 and H4 is essen- (e.g., arginine, glutamine) rather than with glycine, to
preserve the native structure of the N-termini as muchtial for chromatin assembly.

Wolffe and colleagues have asked which domains as possible (16).
Even in the presence of a complete H3 N-terminalof H3 and H4 are required for proper deposition and

assembly during Xenopus embryogenesis (54). By domain, the K5/K12→R yeast double substitution in-
creases the length of S phase by �50%, suggestingmicroinjecting mRNA coding for mutant, epitope-

tagged H3 and H4 into fertilized Xenopus eggs, it that chromatin replication or nucleosome assembly
may be relatively inefficient. Cells with such slowwas determined that the N-terminal tail domain and

the C-terminal α-helix of H4 are dispensable. For H3, doubling times will of course be at a severe selective
disadvantage, and will quickly be lost under naturalthe N-terminal tail and the N-terminal α-helix were

not required. Thus, an individual H3 or H4 molecule conditions. It may therefore be most useful to con-
sider deposition-related acetylation as an adaptationwithout a tail domain, and thus no possibility of be-

ing acetylated, can still be assembled into chromatin, that facilitates nucleosome assembly, thus accelerat-
ing growth rate, but which is not absolutely requiredin agreement with the data obtained in yeast (118).

As the authors point out, in these experiments the by all assembly pathways.
mutated histone mRNAs must compete with the natu-
rally occurring, stored histone message present in the
Xenopus egg. It is therefore likely that hybrid H3/H4 HISTONE ACETYLATION AND

CHROMATIN REPLICATIONtetramers will form, containing at least one normal
histone molecule. Thus, the ability of the H3 and H4

In this section biochemical inquiries to the in-
tails to act redundantly (118) was not specifically

volvement of histone acetylation in DNA replication,
tested in these experiments. Nevertheless, minimum

histone segregation, and chromatin maturation will be
requirements for proper chromatin assembly were de-

addressed.
fined, specifically, those regions involved in H3–H3
and H3–H4 interactions.

DNA Replication and Nucleosome Segregation
What conclusions can be drawn from these genetic

explorations of histone acetylation and chromatin as- It has long been known that the histone tails are
dispensable for core particle integrity, and that theysembly? It is safe to say that, in the presence or ab-

sence of normal H3, the conserved K5/K12 acetyla- are not required to reconstitute nucleosomes from pu-
rified histones and naked DNA (215,216). Becausetion pattern of newly synthesized H4 is not required

to assemble a nucleosome. Even yeast cells that can- the core histone tail domains can be digested in situ
while leaving the remainder of the proteins intactnot be acetylated on seven of the acetylatable lysines

of H3 and H4 (including H4 K5/K12) are viable, al- (213), it is possible to use trypsinized histones to ex-
amine tail function [e.g., (15,50,155,197)]. Whenthough they display severe derepression of telomeric

chromatin, possibly the result of an improperly as- trypsinized histones were reconstituted onto SV40
DNA templates, it was found that the resulting mini-sembled chromatin template. It is also clear that the

H3 and H4 tail domains are functionally redundant chromosomes replicated faster in vitro than control
SV40 chromatin (approximately twofold) (163). Thewith respect to cell viability, and to some degree in

chromatin assembly. That acetylation may be doing increase appeared to be due to a faster rate of fork
migration. No CAF-1 was present in the replicationmore than merely neutralizing positive charge is fur-

ther suggested by the observation that at least one of reaction, so concomitant de novo nucleosome assem-
bly could not occur. Nevertheless, the replicatedthe K5, K8, or K12 sites of H4 must be retained as

lysine (and not changed to glycine), when the H3 tail SV40 contained nucleosomes, derived from the pre-
replicated minichromosomes. Thus, the histone tailsdomain is deleted (130); however, a requirement for

unmodified lysine cannot be ruled out. Most notably, are not required to transfer parental histones to new
DNA. When hyperacetylated SV40 minichromo-none of the mutant histones has thus far been tested

in replication-coupled nucleosome assembly assays, somes (obtained by treating cells with a deacetylase
inhibitor) were similarly tested, only a slight increaseand there is nothing yet to indicate that the acetylated

tails of H3 or H4 specifically interact with any com- in replication rate was observed (1.3- to 1.5-fold in-
crease). It would therefore appear that acetylation hasponent of the assembly pathway. Other avenues to

explore are to combine HAT-B null mutants with H3/ only a minimal effect on fork migration, and is not
required to replicate chromatin in vitro.H4 deletions and substitutions, or with deletions of

the CAC and RCAF (or ASF1) proteins. In such ex- A powerful approach to the analysis of chromatin
metabolism involves the use of antisera that are spe-periments it may be important to replace the acetyla-

table lysines of H3 and H4 with hydrophilic residues cific for acetylated histone isoforms (37,112,214).
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Antibodies that specifically recognize acetylated H4 mechanism would transfer regulatory information to
both daughter cells (94,199,217).(117) have been used to study nucleosome assembly

and histone exchange in HeLa cells (156). Chromatin
replicated and assembled in vivo in the presence of Chromatin Maturation
the deacetylase inhibitor sodium butyrate is immuno-

There is no specific inhibitor of histone acetyla-
precipitated with very high efficiency, consistent with

tion yet available, and so it is not feasible to bio-
the targeted deposition of new, diacetylated H4 onto

chemically preclude the acetylation of newly synthe-
newly replicated DNA. Moreover, nascent H2A,

sized H4 in vivo. It is possible, however, to prevent
H2B, and H3 are coprecipitated with new H4. Be-

histone deacetylation with sodium butyrate, tricho-
cause the antibodies used in this study recognize both

statin A, etc., and to test the effects on chromatin
new and old acetylated H4 molecules, these results

assembly. As discussed above, under normal condi-
do not indicate that all four new core histones are co-

tions newly synthesized H4 is deacetylated within
deposited to form conservatively assembled octam-

30–60 min of its deposition. When chromatin is rep-
ers. Rather, they demonstrate that new H2A and H2B

licated and assembled in vivo in the presence of so-
(which, it may be recalled, are largely deposited onto

dium butyrate, the acetylation of new H3/H4 is pre-
nonreplicating chromatin) are assembled into nucleo-

served. Chromatin assembled in this manner
somes that contain parental, acetylated H4. In the

possesses typical nucleosomal structure and repeat
same study (156) it was further shown that new H2A

length (12,176), yet retains an increased sensitivity to
and H2B that enter chromatin in the absence of con-

DNase I (12), a feature of nascent chromatin that is
current DNA replication (23,88,124) are preferen-

rapidly lost under normal replication conditions. Fur-
tially deposited onto acetylated chromatin regions.

ther studies have shown that the increased DNase I
Acetylated H4 is therefore associated both with repli-

sensitivity is not exhibited by mononucleosomes, but
cation-coupled nucleosome assembly and with H2A/

instead can be ascribed to a reduction of H1-mediated
H2B exchange.

internucleosomal interactions that depend on the his-
Given the strong connection that exists between

tone tail domains (154,155).
histone acetylation and transcription, it might be pre-

Although H1 associates with newly replicated
dicted that chromatin is highly acetylated in advance

chromatin very rapidly after passage of the replica-
of the replication fork, to assist in decondensing chro-

tion fork (11,64), its binding is at first highly unstable
matin higher order structures. If this were the case, it

(18). The labile binding of H1, together with the re-
should be possible to immunoprecipitate segregated

tention of deposition-type histone acetylation pat-
parental nucleosomes with acetylation-specific anti-

terns, may have profound effects on the internucleo-
bodies. To eliminate the contribution of nascent, di-

somal interactions of chromatin replicated in
acetylated H4 in such experiments, chromatin is ei-

butyrate, thus causing the increased DNase I sensitiv-
ther replicated in vivo in the presence of

ity described above. Moreover, chromatin assembled
cycloheximide, or in vitro in isolated nuclei.

in vitro using hyperacetylated histones also displays
Using this approach, it was found that the level of

increased sensitivity to DNase I (109). Such consider-
H4 acetylation in segregated nucleosomes was ap-

ations underscore the importance of reestablishing
proximately equal to that found in bulk chromatin

normal chromatin higher order structures following
(153). Thus, native prereplicative chromatin is not

DNA replication and nucleosome assembly. In the
obligatorily acetylated, as suggested by the experi-

following section the contribution of the histone tails,
ments using SV40 cited above. This is also in agree-

and of histone acetylation, to chromatin folding will
ment with an immunohistochemical study of chroma-

be discussed in detail.
tin replicated in the protozoan Euplotes, in which it
was observed that prereplicative chromatin stained
only weakly with anti-(acetylated) H4 antibodies,

EFFECTS OF ACETYLATION ON
while postreplicative chromatin (containing newly

THE STRUCTURE AND ACTIVITY
synthesized H4) stained strongly (150).

OF THE CHROMATIN FIBER
As has been suggested (153), the absence of a re-

quirement for histone acetylation (or deacetylation) The remainder of the article summarizes and dis-
cusses recent advances in our understanding of howto generate replication-competent chromatin permits

the acetylation status of parental nucleosomes to be the core histone N-termini and histone acetylation
modulate the higher order structure, activity, and ac-preserved, potentially acting as an epigenetic mecha-

nism of inheritance. Because parental nucleosomes cessibility of nucleosomal and chromatin arrays. As
we define them, nucleosomal arrays are core histone(i.e., histones) segregate to both sides of the replica-

tion fork (Fig. 1) (7,13,22,30,38,91,159,185), such a octamer–DNA complexes spaced at physiological in-
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tervals, and chromatin arrays (or just “chromatin”) nucleosomal array and chromatin condensation has
are nucleosomal arrays containing bound linker his- been extensively documented. Virtually all of the re-
tones. This section is intended to provide a structural cent advances have resulted from systematic in vitro
foundation for understanding and interpreting func- dissection of defined nucleosomal array and chroma-
tional processes that take place in the context of tin model systems (32,62,158,173,174,177). Figure 2
nucleosomal and chromatin arrays (e.g., replication, summarizes the fundamental solution-state behavior
transcription). Specifically, we discuss recent evidence of nucleosomal arrays. Nucleosomal arrays in solu-
indicating that condensation of both nucleosomal and tion are in equilibrium between unfolded, moderately
chromatin arrays results directly from the action of the folded, highly folded, and oligomerized conforma-
core histone N-termini function, and that acetylation of tional states (62,72,158,173,174). In terms of folding,
the N-termini leads to both decondensation and func- formation of the moderately folded state involves
tional activation of nucleosomal arrays. close approach of neighboring nucleosomes (i.e.,

nucleosome n with nucleosomes n + 1 and/or n + 2)
(51,52). Once this folding intermediate has formed,

Functions of the Core Histone
nucleosome n subsequently interacts with nucleo-

N-Termini in Chromatin
some n + �6 to form the extensively folded 30-nm
state (J. C. Hansen, unpublished). The details of the

Prior to describing the molecular effects of acetyl-
extensively folded 30-nm fiber remain unknown, as

ation, we first discuss the role of the unmodified core
has been the case for over 20 years (51,204,219).

histone N-termini in chromatin fiber organization.
However, it now is generally recognized that theThe properties of intact, tailless, and acetylated
maximally folded 30-nm state is an inherently irregu-nucleosome core particles are not discussed in depth,
lar helix, as opposed to the regular helix that domi-and interested readers are directed to several compre-
nated the earlier models [see (51,204,219)].hensive reviews for this information (51,204,219). In

Oligomerization is a reversible, highly cooperativegeneral, removal or acetylation of the N-termini of
process in which individual nucleosomal arrays self-nucleosome core particles has only subtle structural
associate to form very large polymeric structures.effects, unlike the case for nucleosomal and chroma-
Oligomerization is induced at higher Mg2+ concentra-tin arrays.
tions than folding (158,173), is selectively induced
by polyamines (158), and occurs independently ofSolution-State Behavior of Nucleosomal Arrays.
whether the nucleosomal array is unfolded, moder-The idea that the core histone tail domains play a role
ately folded, or extensively folded (i.e., oligomeriza-in chromatin folding dates back �20 years (51,
tion is not obligatorily coupled to folding) (173).204,219), although historically the in vitro condensa-
There is strong circumstantial evidence suggestingtion of nucleosomal arrays lacking linker histones has
that in vitro oligomerization is functionally related tonot been considered overly important (51,73). How-
long-range transitions that lead to global compactionever, during the last 5 years, the unexpectedly com-

plex involvement of the core histone N-termini in of interphase chromosomal fibers (51,173). Note that

Figure 2. General scheme describing the solution-state behavior of nucleosomal arrays. The number of asterisks (*) represents the degree
to which the indicated functions of the N-termini can be replaced by high Mg2+ concentrations. See text for details.
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when describing the in vitro behavior of nucleosomal haps other structural motifs when functioning in a
natural chromatin context (73). This idea dates backarrays, folding and oligomerization collectively will

be referred to as “condensation.” to the speculations of Grunstein and coworkers (132)
and was predicted by even the earliest Chou and Fas-
man rules (204).The Core Histone N-Termini and Chromatin Con-

densation. By assembling nucleosomal arrays in To summarize, the core histone N-termini contrib-
ute essential functions to both moderate and exten-vitro from selectively proteolyzed histone octamers,

it has been demonstrated that tailless nucleosomal sive folding of the chromatin fiber, and probably the
longer range fiber–fiber interactions found in higherarrays i) have unwrapped nucleosomal DNA in very

low salt buffer (50,62,197), ii) are unable to form ei- chromosomal domains as well (51,71,73,127). In
terms of the latter, it recently has been reported thatther the moderately (50,62,197) or extensively (197)

folded conformation at “physiological” salt concen- the core histone N-termini are required for metaphase
chromatin condensation (40). In addition, each of thetrations (i.e., 100–200 mM NaCl, 1–2 mM MgCl2),

and iii) are unable to oligomerize at even supraphysi- N-termini-mediated steps involved in nucleosomal
array condensation occur through distinct molecularological levels of Mg2+ (173). Additional insight into

the function of the individual core histone N-termini mechanisms, some of which appear to involve pro-
tein–DNA interaction while others involve protein–as well as the mechanisms through which the N-ter-

mini mediate array condensation emerged from anal- protein interactions (71,73,197).
yses of “hybrid” trypsinized nucleosomal arrays se-
lectively lacking only the H3/H4 or H2A/H2B N- N-Termini Rearrangement. Another key obser-

vation resulting from studies of trypsinized nucleoso-termini (143,197). These studies revealed for the first
time the remarkable degree of complexity of N-ter- mal arrays is that the location of the tails changes in

conjunction with folding; specifically, they movemini function in nucleosomal array and chromatin
condensation. from nucleosomal DNA when unfolded in low salt

to a nonnucleosomal location while mediating salt-In particular, it was shown that the H3/H4 N-ter-
mini appeared to mediate formation of the moder- dependent folding (50). Other examples of tail re-

arrangement have come from studies of the locationately folded state (143,197), while contributions from
both the H3/H4 and H2A/H2B N-termini are required of the H2A C-terminal tail domain. Although this tail

domain could be cross-linked near the dyad ofto mediate formation of the extensively folded state
(197). In distinct contrast, either the H2A/H2B or H3/ nucleosome core particles (116,203), this location

was not observed in either �200-bp mononucleo-H4 N-termini alone were sufficient to mediate oligo-
merization, although both hybrid arrays oligomerized somes (116) or intact nuclei (20). Taken together,

these studies reveal that the location of a given tailat higher MgCl2 concentrations than native arrays.
Subsequent analysis of the folding of hybrid and domain in chromatin is very context dependent. In

addition, they indicate that the common practice of di-completely trypsinized nucleosomal arrays in high
MgCl2 (4–10 mM) showed that, even in the absence gesting native chromatin arrays into nucleosome core

particles forces the core histone N-termini to assumeof the N-termini, the moderately folded conforma-
tion, but not the extensively folded state, could be locations in the core particle that are not reflective of

their location in nucleosomal or chromatin arrays un-formed in high divalent salts. The ability of high
MgCl2 to replace the functions of N-termini in medi- der physiological conditions. This in turn raises the

question of whether results obtained in vitro with tryp-ating the close approach of neighboring nucleosomes
suggests an electrostatic-based mechanism of action sinized and acetylated nucleosome core particles ac-

curately reflect the behavior of the tail domains inis involved in this transition (e.g., tail–DNA interac-
tions), consistent with the highly basic nature of the chromatin under physiological conditions.
tails. However, the inability of high MgCl2 to induce
formation of the extensively folded conformation of The Core Histone N-Termini, Linker Histones, and

Chromatin Condensation. Linker histones (e.g., H1,tailless nucleosomal arrays suggests a fundamentally
different mechanism mediates this transition. A likely H5) are chromatin-associated proteins whose func-

tions and mechanism of action in chromatin havecandidate in this case is protein–protein interactions,
specifically either internucleosomal tail–tail interac- been widely studied (204,219). At the level of chro-

matin folding, linker histones stabilize the exten-tions, and/or binding of the tails to the structured re-
gion of another nucleosome (73,127). In this regard, sively folded 30-nm state(s) of chromatin arrays [see

(31,194) and references therein], most likely throughwhile once thought to be nonstructured coils (51,73,
204,219), it is becoming increasingly recognized that linker DNA charge neutralization by the highly basic

C-terminus (35). This is consistent with the fact thatthe core histone N-termini contain α-helices and per-
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the folded states of nucleosomal arrays in and of average of only 12 acetates/histone octamer disrupted
folding to the same extent as complete removal ofthemselves are only moderately stable (31,72,174,

194). Nevertheless, trypsinized nucleosomal arrays the N-termini (62). The fact that complete loss of tail
domain function could be achieved under conditionsthat contain bound linker histones can neither fold

extensively nor oligomerize [(2); L. C. Carruthers where only 12 out of �100 positive charges were
neutralized by acetates provides further evidence thatand J. C. Hansen, submitted]. The simplest explana-

tion for these results is that the core histone N-termini the N-termini-mediated formation of extensively fold-
ed nucleosomal arrays involves a mechanism otherare absolutely required to specify the correct se-

quence of internucleosomal interactions that lead to than charge neutralization. Of note, the additional six
acetate groups that led to array unfolding were dis-formation of the extensively folded 30-nm fiber, and

that linker histones are needed to subsequently stabi- tributed among the H2B, H3, and H4 N-termini, con-
sistent with the functions of these tails in mediatinglize the folded structures. The net result is that at any

given salt concentration, linker histones (and proba- folding as defined by the proteolysis studies (see
above). Mechanistically, the data collected with dif-bly other chromatin-associated proteins) significantly

drive the equilibria shown in Figure 2 toward the ex- ferentially acetylated nucleosomal arrays provide fur-
ther support for the conclusions that tail-mediatedtensively folded and oligomerized states, but only

after the core histone N-termini have specified the formation of extensively folded nucleosomal arrays
involves protein–protein interactions, and that acetyl-correct internucleosomal interactions.
ation disrupts folding by modulating properties of
key secondary structural motifs required for inter-Structural Consequences of
nucleosomal interactions.Core Histone Acetylation

In contrast to folding, acetylation only partially
disrupts oligomerization of nucleosomal arraysThere have been surprisingly few studies of the

effects of acetylation on the higher order properties (158,198). Experimentally, this is indicated by the
need for increased amounts of MgCl2 to achieveof the chromatin fiber, perhaps because the critical

roles of the core histone N-termini in chromatin con- oligomerization as the acetylation content of the
arrays is increased. In the one case where it wasdensation have only recently been documented. How-

ever, acetylation now is known to potently disrupt examined, the extent of inhibition achieved by acety-
lation was linear over the range of 0–12 acetates/his-formation of extensively folded nucleosomal arrays

in physiological salt, and partially disrupt oligomer- tone octamer (198). Interestingly, polyamines selec-
tively induce oligomerization of nucleosomal arraysization. Also, there is a large body of older data in-

volving effects of acetylation on chromatin “solubil- in vitro (158), and are necessary for maintenance of
the condensed state of isolated chromosomal fibersity” that in retrospect relates to oligomerization.

Unlike the case for nucleosomal arrays, the effects of [see (51)]. Furthermore, the native phenotype of a
gcn5 knockout yeast strain can be restored by a mu-acetylation on the folding of H1-stabilized chromatin

arrays remains to be clearly defined. tant in ornithine decarboxylase (spe1), a key enzyme
in the biosynthesis of polyamines (158). Together
with the biochemical results, these genetic data sug-Nucleosomal Arrays. The initial model studies

of Ausio and coworkers demonstrated that acetylated gest that one of the functions of the Gcn5-dependent
histone acetylation in vivo is to antagonize poly-nucleosomal arrays could not form the moderately

folded state in NaCl (63). These experiments subse- amine-dependent chromatin condensation.
quently were extended by Tse et al. (198), who exam-
ined the Mg2+-dependent condensation of nucleoso- Chromatin Arrays. There have been very few

studies of the structure and stability of acetylatedmal arrays containing different levels of acetylated
histone octamers. In these studies, the weight average linker histone-containing chromatin, and all have ex-

amined endogenous chromatin isolated from buty-number of acetates/octamer and distribution of mono-,
di-, tri-, and tetraacetylated core histone species were rate-treated HeLa cells. Initially, McGhee et al. (136)

used sedimentation and electric dichroism to studyquantitated, although it was not possible to determine
the specific amino acid residues that were acetylated. cation-induced folding, and concluded that acetyla-

tion had slight destabilizing effects on the extensivelyA total of 26 specific lysine residues can be acety-
lated on the tails of each chicken erythrocyte histone folded 30-nm state of chromatin arrays. Subsequent

studies using electron microscopy found that the ace-octamer (219). For nucleosomal assays containing an
average of six acetates/histone octamer, Mg2+-depen- tylated chromatin formed a moderately folded state

but was unable to complete compaction to the exten-dent formation of the moderately and extensively fold-
ed conformations was indistinguishable from that of sively folded 30-nm state (9). Very recently, it has

been shown that H1 represses acetylation of the tailsunacetylated arrays. However, quite unexpectedly, an
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in chromatin by specific histone acetyltransferases sible to accurately describe the higher order structure
of the key nucleoprotein intermediates present imme-(80). Further insight into the structure/function rela-

tionships involving acetylation and chromatin arrays diately after DNA replication. Because the core his-
tones of the parental nucleosomes are not hyperace-awaits additional experimentation. However, on the

basis of all available data, at this point it appears that tylated and retain (or quickly regain) histone H1
(11,18,64,90,153) (also, see above), the stretches ofacetylation may have evolved to regulate the activity

of nucleosomal arrays more so than chromatin arrays parentally derived chromatin should be moderately to
extensively condensed under physiological ionic con-(also see Transcription section below).

The early chromatin literature contains numerous ditions, depending on the length of the parental array.
Thus, the accessibility of DNA in parental nucleo-references to salt-dependent “precipitation” and salt

“insolubility” (51). There now is evidence that this somes to transcription factors will be greatly reduced.
In distinct contrast, the acetylated H3/H4 tetramerliterature may be relevant to chromatin oligomeriza-

tion. Salt insolubility and oligomerization both in- arrays sandwiched between the parental arrays will
be completely unfolded (5,198) (in this case due tovolve the formation of large aggregated species. In

addition, as is the case for oligomerization, formation the absence of H2A/H2B dimers rather than because
of acetylation), very flexible relative to nucleosomalof insoluble chromatin “precipitants” is easily re-

versed upon resuspension in low salt buffer [see arrays, and the tetramer-bound DNA will be signifi-
cantly more accessible to transcription factors and(154,165) and references therein]. Finally, a major

determinant of the salt solubility of endogenous chro- other functionally important chromatin-associated
proteins (5). These data provide a structural frame-matin is the acetylated state of the core histone N-

termini; the more acetylated the chromatin, the more work for understanding why there is competition be-
tween H2A/H2B dimers, transcription factors, andMgCl2 required to induce aggregation (6,165,166).

Similarly, an insoluble fraction of newly replicated other functional nonhistone multiprotein complexes
for binding to the H3/H4 tetramer arrays present im-chromatin becomes soluble after tryptic removal of

the tail domains (155). Interestingly, it was the differ- mediately after replication (4,5,17,218,219). Ulti-
mately, due to the combination of the dispersive seg-ential solubility of native acetylated chromatin that

was exploited to isolate the differentially acetylated regation mechanism and the substantively different
physicochemical properties of H3/H4 tetramer arrayshistone octamers used in the model studies described

above (198). In retrospect, it seems almost certain compared to parental chromatin arrays, newly repli-
cated chromatin is poised to either mature into bulkthat chromatin “insolubility” is the same phenomenon

as N-termini-mediated oligomerization of nucleoso- inactive chromatin or become programmed into func-
tionally active chromatin depending on the local con-mal array and chromatin model systems.

Ultimately, the biochemical and genetic data de- centrations of histone and nonhistone proteins in the
vicinity of the replication fork, as well as their re-scribed above suggest that acetylation is involved in

modulating the stability of the internucleosomal inter- spective binding affinities for H3/H4 tetramer arrays.
There is no evidence that the chromatin fiber mustactions responsible for both the local folding and

long-range condensation of the chromatin fiber. be decondensed well in advance of the replication
fork, and thus the machinery that is responsible for

Replication, Gene Activation, and dispersive segregation presumably can deal with con-
Higher Order Chromatin Structure densed chromatin, perhaps by a localized dissociation

of histone H1 (64). Higher order structure affects theThe realization that a “more open” chromatin struc-
ture is involved in gene activation and replication dates initiation of replication much in the same way as

gene activation (see 51).back �25 years to the studies of Weintraub and co-
workers (51,204,212,219). However, deciphering the
molecular basis for these observations has proven chal- Gene Activation. An enormous amount of effort

has been spent trying to understand the roles of chro-lenging, befitting the complexity of the processes in-
volved. The ensuing section summarizes recent prog- matin in gene activation and repression [reviewed in

(219)]. Here we briefly summarize the contributionsress made in these areas. As with the previous sections,
the discussion centers around newer results obtained to gene regulation of nucleosomal array condensa-

tion, and its disruption by acetylation. Figure 3 listswith model system studies. The large body of older
literature relevant to this subject has been reviewed ex- the hierarchical series of steps that are involved in

the activation of most eukaryotic genes. For the lasttensively [see (219), and references therein].
decade, attention has focused largely on transcription
factor/RNA polymerase binding and transcription ini-Replication. The process of replication-linked

chromatin assembly has been discussed above and is tiation (steps 5 and 6) (66,70,160), and more recently
on nucleosome remodeling (step 4) (108,157). Forsummarized schematically in Figure 1. It is now pos-
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somal arrays leads to a substantial increase in tran-
scription (10–20-fold) from the same model systems
used for the structural studies summarized above. Im-
portantly, whereas previous analogous investigations
manipulated the salt concentration (74) or H2A/H2B
dimer content (75) to cause array unfolding and tran-
scriptional stimulation, acetylation was capable of
achieving the same structural and functional effects
even when the arrays remained in physiological salt
(198). Thus, acetylation is envisioned as having a key
role in preparing chromatin for gene activation (and
deacetylation for inactivation) through its ability to
disrupt the repressive higher order folding of nucleo-
somal arrays. Enhancement of transcription initiation
also appears to be influenced to the array unfolding
that occurs during step 2 (74). Furthermore, array un-
folding may be functionally linked to the recently
proposed “histone code” hypothesis (189) (i.e., once
array unfolding has been induced by acetylation, the
modified tails of the unfolded array subsequently
may act as target sites for binding specific macromol-
ecules required for transcription initiation).

Once initiation of transcription has occurred, eu-
karyotic RNA polymerases must be able to elongate
through �20–100 kb of DNA organized into nucleo-
somal arrays (219). Given that the extent of nucleoso-
mal array folding present under physiological condi-
tions significantly impedes elongation (74,75,198), it
seems likely that large-scale acetylation of entire
transcription units may be required to allow efficient
elongation in vivo. In this regard, the elegant studies
of Hebbes et al. (78,79) have shown that regions ofFigure 3. Steps involved in the activation of eukaryotic genes. The
general DNase I sensitivity (indicative of global chro-steps that are most likely involve acetylation-dependent disruption

of nucleosomal array condensation are shaded. See text for details. matin decondensation) and histone hyperacetylation
precisely co-map with the 33-kb transcription units
of several β-globin gene loci in vivo. Also, in this
system acetylation occurred several days prior to ap-many years it was thought that conversion of an ex-

tensively folded, transcriptionally inactive chromatin pearance of transcripts, indicating that the function of
acetylation in this case was to prepare the β-globinarray into a potentially active, unfolded nucleosomal

array simply required dissociation and/or rearrange- loci for induction of transcription. The findings of
Hebbes et al. are entirely consistent with a role forment of linker histones (51,219). Notable in this re-

gard, step 2 was not even a component of the activa- acetylation-dependent nucleosomal array unfolding in
both steps 2 and 7 of the scheme shown in Figure 3.tion scheme until it was shown that nucleosomal

arrays under physiological conditions were suffi- In conclusion, the structural section of this article
has summarized evidence that the core histone N-ter-ciently folded to repress transcription initiation and

elongation by eukaryotic RNA polymerase III (74, mini are essential mediators of higher order chroma-
tin condensation, that condensation is capable of po-75,198).

Because of its potent ability to decondense nucleo- tently regulating the activity of the chromatin fiber,
and that at least one of the ways that acetylation en-somal arrays, acetylation is likely to have important

roles in those steps where disruption of nucleosomal hances transcription is through its ability to decon-
dense nucleosomal arrays.array folding is most crucial (i.e., steps 2, 6, and 7).

Step 2 can be thought of as a “preparatory” chromatin
transition that poises nucleosomal arrays for tran-

SUMMARY AND PERSPECTIVESscriptional activation by disrupting the inhibitory
folded conformation(s). In this regard, acetylation- From the foregoing discussion it is clear that great

progress has been made toward understanding theinduced disruption of the extensive folding of nucleo-
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structure/function relationships of the core histone N- tin fiber? Although such questions must perforce be
approached (experimentally) as relatively isolatedtermini, and their modification by acetylation. Precise

descriptions of the patterns, enzymology, and effects topics, they naturally reflect common themes: How is
acetylation controlled, and how can the neutralizationof acetylation are now emerging, yielding a picture

that is at once conceptually simple yet operationally of certain, positively charged lysine residues in the
core histone N-termini have such far-reaching ef-complex. That acetylation can variously act at the

levels of chromatin assembly, histone exchange, tran- fects? Evidence that histone acetylation acts as a fun-
damental regulatory signal has placed these consider-scriptional regulation, and higher order folding is ex-

traordinary, presenting a challenge to those studying ations at the forefront of current inquiries into
chromatin structure and function. If the past can servethese processes as separate phenomena. In this article

we have not attempted to address all aspects of ace- as prelude, we can expect research efforts to generate
at least as many questions as those that will be an-tylation; within those areas considered, nucleosome

assembly and fiber dynamics, recent advances still swered.
leave many key questions unanswered. Some of these
are outlined below.

It is most unlikely that the specific “5/12” diace- ACKNOWLEDGMENTS
tylation pattern of newly synthesized H4 would be so
rigorously conserved were it to have no function in The authors were supported by grants from the

NIH to A.T.A. (GM 35837) and J.C.H. (GM45916).chromatin biosynthesis. Why then are newly synthe-
sized H3 and H4 acetylated? And does their acetyla-
tion function redundantly during chromatin assem-
bly? Thus far, the data suggest that acetylation is not NOTE ADDED IN PROOF
required to assemble nucleosomes, but this remains
to be fully tested by combining hat1 (or cac1, asf1) It has recently been demonstrated by Stillman and

colleagues (Shibahara, K.-i.; Verreault, A.; Stillman,mutations with selected H3/H4 substitutions and de-
letions. Other important topics include the extent to B. The N-terminal tails of H3 and H4 are not neces-

sary for chromatin assembly factor-1-mediatedwhich HAT-B acts redundantly with other HAT ac-
tivities, and the ability of CAF-1 to assemble H3/H4 nucleosome assembly onto replicated DNA in vitro.

Proc. Natl. Acad. Sci. USA 97:7766–7771; 2000)with substitutions and deletions in vitro (see Note
Added in Proof). that CAF-1, and each of the CAF-1 subunits, can sta-

bly interact with recombinant H32H42 tetramers lack-With respect to chromatin structure and dynamics,
it is rather humbling to consider how much remains ing the N-terminal tails of both H3 and H4. More-

over, CAF-1 can deposit tailless tetramers onto newlyunknown. To list only a few examples: Does acetyla-
tion alter the secondary structure of subdomains of replicated DNA in vitro. Although these observations

may eliminate an active role for H3/H4 acetylationthe histone N-termini? Must acetylation be site spe-
cific to be effective, and is it coupled to other histone during CAF-1-mediated chromatin assembly, it must

be recalled that the removal of the histone tails canposttranslational modifications? If acetyltransferases
are targeted specifically, how is “global” acetylation in some instances mimic the effects of acetylation,

and also that acetylation may function in vivo priormaintained? Can acetylation act as a “protein code”
for the recruitment of additional histone-modifying to the binding of H3 and H4 to CAF-1. Alterna-

tively, as Shibahara et al. suggest, H3/H4 acetylationenzymes and other factors, as proposed by Strahl and
Allis (189)? How are the opposing activities of ace- may be required by a CAF-1-independent pathway

(e.g., by RCAF), or to mark nascent chromatin fortylases and deacetylases coordinated? And what at-
tracts deacetylases to the nascent acetylated chroma- recognition by subsequent activities in vivo.
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