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Linker histones: paradigm lost but questions remain
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Abstract Linker histones (LH) represent a diverse family of
proteins that bind to nucleosomes and bring them together to
form a 30-nm chromatin fiber. Although the structure of the
globular domain of linker histones H1 and H5 has been solved,
the details of its interaction with the nucleosome are not
understood in full. Recent data on the location of LH in
nucleosome are discussed here.
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1. Linker histones

The nucleosome is a fundamental unit of chromatin; it
contains the nucleosome core and linker DNA of variable
length to which linker histones (LHs) bind [1]. The nucleo-
some core (146 bp of DNA wrapped around a histone oc-
tamer) can be obtained by extensive digestion of chromatin
with micrococcal nuclease. The association of a single mole-
cule of LH with the nucleosome results in the protection of an
additional 20^22 bp of DNA after digestion with micrococcal
nuclease. In vitro removal of LH or of its globular domain
(see below) leads to loss of this protection, whereas the reas-
sociation restores it [2].

Unlike core histones, which show a high level of sequence
conservation, LHs diverge signi¢cantly both in sequence and
structure. Metazoan LH has a well de¢ned three-domain
structure: the central globular domain (GLH) and N- and
C-terminal domains [3]. GLH consists of a three-helix bundle
(helices I^III) with a L-hairpin at the C-terminus [4,5] (see Fig.
1). Based on a striking similarity to the helix-turn-helix pro-
teins [6], it was proposed that helix III of GLH would bind in
the major groove of DNA, whereas the L-hairpin would in-
teract close to the adjacent minor groove thus comprising the
LH-DNA primary binding site as shown in Fig. 1 [4,5]. The
secondary binding site is more di¡use and was identi¢ed as a
cluster of highly conserved basic residues located on the op-
posite side of the molecule [4]. Both binding sites are essential
for correct LH binding and chromatosome formation ([7], but
see also [8]).

N- and C-LH tails comprise roughly half of the molecule.
The C-terminal tail is highly enriched in basic residues [9], it

can adopt a segmental K-helical conformation [10] and is
known to be involved in chromatin condensation. Indeed,
histone H5 (but not GH5 alone) has been shown to bind to
the DNA entering and exiting the nucleosome, forming a
stem-like structure V30 bp in length [11]. Almost nothing is
known about the structure and role of the N-terminal LH tail,
which contains regions rich in basic residues as well as regions
rich in prolines and alanines.

Interestingly, in Tetrahymena histone H1 lacks the globular
domain entirely and is very similar to the `C-terminal domain'
of metazoan LH; it is solely responsible for chromatin con-
densation [12]. Even so, the elimination of this `incomplete'
LH has a minor e¡ect on the morphology and transcription of
Tetrahymena knockout strains [13]. Another lower eukaryote,
Saccharomyces, has no linker histones and, thus, a very short
linker DNA [1]. However, a LH-like histone was recently
found in yeast [14] that behaves as a bona ¢de LH in vitro
[15] ; its functions and involvement in the organization of
yeast chromatin remain obscure.

2. Paradigm lost

It has been believed for a long time that LH binds in a
quasi-symmetrical manner simultaneously to the nucleosomal
pseudo-dyad and to the linker DNA at the site where DNA
helices entering and exiting the nucleosome cross [1]. This
symmetrical, on-axis, placement would also imply symmetrical
protection of the additional 20 bp of DNA at each end in the
chromatosome after micrococcal nuclease digestion (2U10
bp). Actually, this model cannot be considered purely `sym-
metrical', since the LH molecule itself is highly asymmetrical
(see above). DNase I footprinting studies of the chromato-
some and dinucleosome containing LHs [16] and UV-induced
pyrimidine dimer formation [17] were interpreted as strong
support for the on-axis model (see [18] for review).

Neutron scattering studies of chromatosomes [19], however,
suggested a more interior location of GLH in the nucleosome.
The resolution of the structure of GLH by crystallography [4]
and NMR spectroscopy [5] raised further questions about the
adequacy of the `symmetrical' model.

Furthermore, it was shown that at least one chromatosome,
speci¢cally the one reconstituted on the somatic 5S gene from
Xenopus borealis, is very `asymmetric'. The DNA extensions
of the chromatosome were found to be 5 bp on one side and
15 bp on the other [20]. At the same time no protection
against hydroxyl radicals or DNase I cleavage by LH was
observed at the dyad or at any other site of the chromatoso-
mal [20] or dinucleosomal DNA [21]. Finally, LH/DNA cross-
linking [22,23] and site speci¢c cleavage experiments [24]
showed GH5 to be located asymmetrically inside the upper
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gyre of the DNA at position V6.5 helical turns from the dyad
of the nucleosome (as de¢ned by Richmond and coworkers
[25]) and in close contact with the histone octamer. Speci¢c
crosslinking/cleavage was shown to occur on the same side of
the chromatosome where protection against micrococcal nu-
clease is 15 bp. Micrococcal nuclease, the only available tool
for addressing the positions of chromatosome borders, is
rather imprecise (see, for example, [26]), and therefore the
protection pattern observed for the Xenopus 5S nucleosome
may re£ect the limitations imposed by a strong cleavage spe-
ci¢city of micrococcal nuclease. It has been shown, however,
for several other reconstituted chromatosomes that LHs pro-
tect chromatosomal DNA asymmetrically, in all cases with
V20 bp protected on one side and no protection on the other
[27^30]. DNA-LH crosslinking data both in vivo [31] and in
vitro [30] argue for a highly asymmetrical association of LH
with DNA. It was also shown that the winged helix transcrip-
tion factor HNF3, whose structure is isomorphous with that
of GLH [6], binds to nucleosomal DNA asymmetrically
[32].

If so, there should be a DNA sequence signal(s) strong
enough to: (i) select one out of two possible o¡-axis locations
for LH on the DNA; and (ii) determine by targeted LH bind-
ing the translational positioning of histone octamer by re-
stricting the nucleosome mobility [21,33]. Such putative se-
quences were found while analyzing the DNA sequence of a
large set of chicken erythrocyte chromatosomes, namely an
NGGR (R=purine) quartet always found at one, but not at
both, termini of chromatosomal DNA, and an out-of-phase
AAA/TTT triplet located V70 bp away, i.e. close to the dyad
[34]. Interestingly, the NGGR sequence is not present at the
proposed place in the 5S RNA nucleosome from X. borealis.
This argues that the NGGR sequence signal is not the only
signal directly or indirectly responsible for LH positioning/
binding. However, since the arrangement of LHs in chromatin

appears to be regular (as supported by chemical crosslinking
[35], but see also [36]), it might be su¤cient for one nucleo-
some to have such a signal to determine the orientation of
LHs for a nucleosomal array, or even for a whole chromatin
domain.

Thus, the results obtained for the 5S nucleosome from X.
borealis and for nucleosomes reconstructed on other sequen-
ces (see above) are in con£ict with DNase I footprinting
[16,37] and pyrimidine formation data [17] that show preser-
vation of a speci¢c pattern in nucleosome cores and in chro-
matosomes and thus support symmetrical extending of an
extra V20 bp of chromatosome DNA. If so, it is worth con-
sidering these data in more detail. Except for particular con-
cerns relevant to the method used, both these experiments had
one essential feature in common: they dealt with the bulk
population of native nucleosomes and thus, the patterns are
inevitably arti¢cially symmetrized about the DNA midpoint.
Such data can be interpreted equally well as indicative of
either symmetrical LH binding, or equal occupancy of two
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Fig. 1. A model for GH5 binding to DNA. Highly conserved lysines
and arginines and two histidines crosslinkable in chromatin are
shown (See [7] for details). Reproduced with permission from [7].

Fig. 2. Schematic representation of the GH5 location in the chro-
matosome (A) and a more detailed model (B). The GH5 (circle with
helix I, cyan; helix II, purple; and helix III, magenta; turns and L-
strands in orange) is located between the two DNA gyres. The
black star in A shows the contact of GLH as proposed by Pruss
and coworkers [23]. The 3 bp around the core particle dyad are in
red, the 10 bp of chromatosome `extensions' are in green, all other
DNA is in yellow. Note that both ¢gures are schematic and do not
take into account the DNA distortions near the dyad and exit/entry
region [17]; note also that only the globular domain is shown. In A
the GH5 is located such that its C-terminus is pointing away from
the plane of the ¢gure. Reprinted with permission from Nature [40],
z 1998 Macmillan Magazines Ltd.
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slightly o¡-axis sites [38]. Another piece of data that again can
be interpreted as supporting or disputing the symmetrical (as
well as asymmetrical) model was extracted from the database
containing DNA sequences isolated from the chromatosomes
or nucleosome dimers containing histones H1 and H5. It
shows an out-of-phase occurrence of the AAA/TTT triplet
95 bp from the limit of micrococcal nuclease digestion (see
[34] for details). On the other hand, in nucleosomal core DNA
the same translational marker was found in the immediate
vicinity of the dyad, i.e. 70^75 bp away from the limit of
micrococcal nuclease [39]. The authors stated that ``there is
no compelling reason why such a translational marker should
be conserved in the two particles''. However, there is no rea-
son why the data obtained cannot be interpreted in another
way, namely as indicating preservation of AAA/TTT triplet
position (location) with respect to the histone octamer and
thus for asymmetrical protection of DNA in the chromato-
some (95375=20). The question of whether protection of
DNA on both sites is symmetrical or asymmetrical is there-
fore still open, while the imprecise nature and obvious se-
quence speci¢city of micrococcal nuclease further add to the
uncertainty.

Recently the binding site and orientation of the globular
domain of LH was mapped using site speci¢c DNA-protein
photocrosslinking on the bulk population of chicken chroma-
tosomes that were ¢rst depleted of endogenous LH and then
reconstituted with either GH5 or di¡erent GH5 mutants [40].
A model was proposed postulating that GH5 links together
one terminus of DNA and the central part of the chromato-
some (the dyad). Helix III within the primary site binds to
DNA termini via the major groove around position 7.5^8 (in
concordance with crystallography and NMR data [4,5]), while
the secondary binding site interacts with chromatosomal
DNA close to its midpoint (see Fig. 2). This location of
GLH suggests an orientation of the LH C-terminus which
allows simultaneous interaction with both entering and exiting
nucleosomal linkers, bridging between them as was observed
by electron microscopy [11]. The model assumes symmetric
(10+10 bp) extensions of chromatosomal DNA, however,
the authors themselves stated that the ``data are compatible
with either symmetric or asymmetric extensions''. Since LH
interacts only with one DNA terminus, protection against
micrococcal nuclease action from the other side of chromato-
somal DNA could result from the interaction with the histone
octamer altered by LH binding. Indeed, it was recently shown
that accommodation of LH in the nucleosome results in sub-
stantial redistribution of core histone-DNA contacts [29,41].

This model is in perfect accord with almost all biochemical
data available so far (see above), but di¡ers from the model
proposed by Wol¡e and coworkers for 5S X. borealis nucleo-
some which places GLH further into the nucleosome and in
close proximity to the histone octamer (position V6.5) [23].
The data obtained on the 5S chromatosome may of course
re£ect some speci¢c features of the sequence of the X. borealis
somatic 5S gene (see, for example, [8]). However, the inter-
pretation of crosslinking [22,23] and site speci¢c cleavage ex-
periments [24] depends crucially on the assumption that the
histone octamer adopts a single translational position within
the sequence used. This critical point has recently been ques-
tioned [42^44], and since both sides have strong arguments in
support of their conclusions, more experiments need to be
done to clarify this question.

3. But questions remain

I only say, suppose the supposition.Lord Byron, Don Juan,
part I, stanza LXXXVII

In conclusion, the concept of asymmetrical location of LH
histones is consistent with all previous experimental data ob-
tained so far and thus seems to be beyond reasonable doubt.
Several questions of great importance to our understanding of
chromatin structure, however, still remain unclear.

(1) Is the location of LHs along the chromatin ¢ber unidirec-
tional or random (or potentially more complex, for example,
occurring as pairs)? We suppose that LHs are always located
at the same end of successive nucleosomes within a domain or
at least in rather long arrays of nucleosomes. This supposition
is indirectly supported by the LH-LH crosslinking experi-
ments [35] but needs to be addressed by more direct means.

2. What is the orientation of the LH placement in a nucleo-
some with respect to direction of transcription? A possibility
that LH is always located on the 3P end of the transcribed
nucleosome with respect to the direction of transcription (as
has been shown for somatic-type X. borealis 5S RNA nucle-
osome [30]) seems very attractive; however, this is no more
than a speculation and again must be veri¢ed directly.

The list of the questions could continue. The successful
resolution of these questions may give us a clue to how the
chromatin ¢ber is organized and how LHs speci¢cally repress
and activate transcription.
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