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1. The primary structure of histones

Since the elucidation of the amino acid sequence
of the prototype histones H3, H4, H2A and H2B, a
considerable amount of information on the occurrence
of variants of these structures has become available.
(Bibliographic references to details of the histone
primary structures are given in fig.1-3; for review see
[34])

It appears that the histones H3 and H4, over a
wide range of evolution, vary only slightly whereas
the histones H2A and H2B undergo more extensive
evolutionary changes (fig.1-3).

The variations of the structures can be classified
into two types. The first group comprises simple
point mutations or deletions of one or several residues.
The second type of structural variations consists in
extensive modifications of major areas of the mole-
cules through reiteration, insertion, deletion and
point mutations. Such changes have led, in some
variants, to the establishment of new domains in the
structure.

Whereas the former type of structure variation
occurs in all four histones, the second group of more
extensive variations up to now has been identified
only in the histones of the H2A and H2B type. The
first group of alterations does not change the general
structure of the molecules drastically. Such changes
occur infrequently in the histones H3 and H4. In
histone H3, four positions are variable. In the
histone H4 only three variable positions have been
identified. In both these histones there appears to be
no regional preference for the conservative point
mutations.

The mutations involving cysteine in position 96 of
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histone H3 and 73 of histone H4 may assign to the
molecules new properties. The potential cysteine—
cystine interconversion between neighbouring
histones may affect the reversibility of the pairing of
histones H3 and H4 in chromatin subunits. In fact, it
appears that the two histone H3 chains in the nucleo-
somes approach each other very closely in the
corresponding regions of the molecules (see section 3).

In addition to major changes in the structure (see
below) some largely conservative point mutations
also occur in the histones H2B (fig.2) but more
frequently than in the histones H3 and H4. A similar
situation pertains tc histone H2A (fig.1).

The occasional occurrence of these limited changes
in the molecules of the four histones in organisms
separated widely from each other on the evolutionary
scale, does not alter substantially the generally
accepted view on the extremely conservative nature
of the structures of these molecules throughout evolu-
tion (for review see [34]). Certainly this notion
appears justified for the histones H3 and H4 for
which complete or partial structures representing the
situation in various divisions of the animal and plant
kingdom are available (fig.1).

For the histones H2A and H2B, however, such a
generalization may be misleading. In these two
histones the second group of structural variations
characterized by multiple insertions, deletions of
several residues together with point mutations has
resulted in substantial changes of structures (fig.1,2).

In the histone H2B group, taking into account the
extensive structural variations, the following picture
of the general structure of these molecules has
emerged. The sequence of the 89 C-terminal
amino acids consists mainly of hydrophobic residues
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and has been conserved during evolution in its general
features, being common to plant histones and animal
histones alike. Differences between the various
members of this histone group are characterized by
mainly conservative point mutations. In the 17 variants
for which partial or complete sequences in this region
are available, a total of 35 such mutations has been
found. Towards the N-terminal, this region is pre-
ceded by a highly basic area of 9 residues out of
which in animal histones 7 or 8 are either arginine or
lysine. From here to the N-terminus extends a region,
differing from variant to variant, of ~20-50 highly
variable residues. In this region the degree of variability
increases with the distance from the block of basic
amino acids (fig.2).

The variability of the N-terminal part of the
histones H2B may be one of the expressions of
increasing chromatin complexity at different levels of
evolution (phylogenetic histone programme) and/or
an expression of differential genetic activity of cells/
tissue during the life cycle of one organism at any
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particular evolutionary level (ontogenetic histone
programme).

The comparison of the structures of the histones
H2B lends support to both these views. A corollary
of the possible existence of an ontogenic histone
programme is the existence of tissue specific histones.
Therefore comparison of histone structures, e.g., to
determine evolutionary rates should strictly be made
only of histones from comparable tissues. The histones
isolated from the same tissue (testes) of a limpet
(mollusc) and of trout (early vertebrate) differ con-
siderably from each other in the N-terminal region,
possibly as an expression of the long evolutionary
distance between the two organisms (fig.2). In the
same vein, the histones isolated from the terminally
differentiated nucleated erythrocytes of evolutionary
closely related classes (aves, amphibia and reptiles)
differ only very little from each other (three sites of
point mutations) and from the histone H2B isolated
from the also terminally differentiated thymus tissue
of another vertebrate (calf) (fig.2). In this way the
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H3 Calf Ala—Arg—Thr—Lys—Gln—Thr—Ala—Arg-Lys—Ser—Thr—Gly—Gly—Lys—Ala—Pro—Arg-Lys-Gln-Leu—Ala-Thr—Lys—Ala—Ala—
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Arg—Lys—Ser—Ala—Pro-Ala—Thr—Gly—Gly—Val—Lys—Lys—Pro—His—Arg—Tyr—Arg—Pro—Gly-Thr~Val—Ala—Leu—Arg—Glu—
Phe (pea)
Phe (cycad)
55 60 65 70 75
Ile—Arg—Arg—Tyr—Gln—Lys—Ser—Thr—Glu—Leu—Leu—Ile—Arg—Lys-Leu—Pro—Phe—Gln—Arg-Leu~Val—Arg-G1u—Ile—Ala—
Lys (pea)
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Gln—Asp~Phe—Lys—Thr—Asp—Leu—Arg-Phe—Gln—Ser~Ser—Ala—Va1—Met—Ala—Leu-Gln—Glu—Ala—Cys—Glu—Ala—Tyr—Leu—
Ser (pea) Ala (pea)

Ser {carp, shark, chicken,
sea urchin, limpet,
mouse, pea, cycad)

105 110 115 120 ! ’125
Va1—Gly—Leu—Phe—Glu-Asp—Thr—Asn-Leu—Cys—Ala—Ile-His—Ala—Lys—Arg—Val—Thr—Ile-Met—Pro—Lys—Asp—Ile—Gln~
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Leu—Ala—Axg—Arq—Ile—Arg—Gly—Glu—Arg—Ala
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H4 calf AcSer—Gly—Arg-Gly—Lys—Gly—Gly—Lys—-Gly—Leu—Gly—Lys—Gly—Gly—Ala—Lys—Arg—His-Arg—Lys—Val—Leu—Arg—Asp—Asn—
30 35 40 45 50

Ile—Gln—Gly—Ile—Thr—Lys—Pro—Ala—Ile—Arg—Arg—Leu—Ala~Arg—Arg—Gly—Gly—Val—Lys—Arg—Ile—Ser-Gly—Leu—Ile—
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Tyr—Glu—Glu—Thr—Arg-Gly—Val—Leu—Lys—Val—Phe—Leu—Glu—Asn—Val—Ile-Arg—Asp—Ala—Val—Thr—Tyr—Thr—Glu—His—

Ile (pea)

80 85

Cys (sea urchin,
star fish)
90 95 100

Ala—Lys—Arg—Lys—Thr—Val—Thr—Ala-Met—Asp—Val—Val—Tyr—Ala—Leu—Lys—Arg—G1n—Gly~Arg—Thr—Leu—Tyr—Gly—Phe—

Arg (pea)

Gly-~Gly
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ACSer-Gly-Arg—Gly-Lys—Gln~Gly—Gly—Lys-Ala—Arg~Ala—Lys—Ala—Lys—Thr—Arg—Ser—Ser—Arg—
Thr (trout) Ser (Rat chloroleukemia)
Ser (Mouse Friend
leukemia)

Ala—Gly—Arg-Lys-Gly—Gly—Asp—————Arg—Lys—Lys—Ala—Val-Thr—Arg»Ser—Val—Lys—

AcMet—Asp—Gly—Ser~Lys—Leu-Lys—Lys—Val-Ala—Ala—Lys—Lys—Phe—Gly—Gly~Pro—Arg—Lys—Lys—Ser—Val—Thr—Lys~Ser—Ile~Lys-

AcMet-Asp—Ala—Ser—Lys—Ala—Lys—Lys—Val-Ala—Gly—Lys—Lys~Phe—Gly—Gly»Pro—Arg—Lys-Lys-Ser—Va1—Thr—Arg—Ser—Ile—Lys—

30 35 40 45 50

Ala-Gly-Leu-Gln-Phe-Pro-val-Gly-Arg-val-His~Arg-Leu~Leu~-Arg-Lys-Gly-Asn-Tyr-Ala-Glu-Arg-val-Gly-Ala-Gly-Ala-

Ala-Gly-Leu-Gln-Phe-Pro-val-Gly-Arg-1le~-Gly~-Arg~Tyr-Leu-Lys~Lys~Gly=-Arg-Tyr-Ala-Gln-Arg-vVal-Gly-Ser-Gly~Ala-

Ala-Gly-Leu-Gln-Phe-Pro-vVal=Gly-Arg-Ile. .vaoenacssnssonnsnanncas fasaaaeas
Ala-Gly-Leu~Gln-Phe-Pro-val-Gly-Arg-Ile . .iesessreaesvasaasaann.

55

60 65 70 75 80

Pro-Val-Tyr-Leu-Ala-Ala-Val-Leu~Glu~Tyr-Leu-Thr-Ala~Glu-Ile-Leu-Glu-Leu-Ala~Gly-Asn-Ala-Ala-Arg-Asp-Asn-Lys-

Pro-Val-Tyr-Leu-Ala-Ala-Val-Leu-Glu~Tyr

Met (mouse ascites tumor)
Met (mouse Friend Leukemia}
Met (sea urchin embryo, two variants)

85 90 95 100 105
Lys-Thr-Arg-Ile-Ile-Pro-~Arg-His-Leu~Gln-Leu-Ala-Ile~Arg-Asn-Asp-Glu-Glu-Leu-Asn-Lys-Leu-Leu-Gly-Lys-Val-Thr-
-—— (trout) Val (trout) Arg (rat chloro-
leukemia)

Gly (trout)

115 120 125 120

Ile-Ala-Gln-Gly-Gly-Val-Leu-Pro-Asn~Ile-Gln-Ala-Val-Leu-Leu-Pro-Lys-Lys-Thr-Glu-Ser-His-His-

{trout)

136

Lys-Ala~-Lys~Gly——Lys

Val-Ala-Lys (trout)

Fig.1. Sequences of histonc H3. Mammal: Bos faurus (calf) complete sequence [1]; Mus musculus (mouse) peptide mapping [2].
Bird: Gallus domesticus (chicken) complete sequence [3,4]. Fish: Letiobus bubalus (carp) complete sequence [S]; Salmo trutto
(trout) partial sequence [6]; Poroderma africanus (shark) complete sequence [8]. Mollusc: Patella granatina (limpet) partial
sequence [7]. Fungus: Saccharomyces cerevisiae (baker’s ycast) partial sequence [9]; Neurospora crassa three N-terminal residues
{10]. Plant: Pisum sativum (pea) complete sequence [11]; Encephalartos caffer (cycad) partial sequence [71.

Sequences of histone H4. Mammal: Bos taurus, calf thymus complete sequence [12—-14], lymphosarcoma peptide mapping [15],
fetal calf thymus peptide mapping [15]; Rattus norwegicus (laboratory rat), Novikoff hepatoma peptide mapping [15]. Sea
urchin: Parechinus angulosus partial sequence [16]; Enchinolampas crassa amino acid composition [16]; Psammechinus miliaris
peptide mapping [17]. Starfish: Marthasterias glacialis amino acid composition [16}. Plant: Pisum sativum complete sequence [18].

Sequences of histones H2A, aligned for homologies. Numbering refers to alignment positions, and not to sequence positions.
Deletions in the alignment (——); comparable regions not sequenced (- -+ +); the total extent of the unsequenced positions cannot
be indicated at this stage. Mammal: Bos taurus (calf) complete sequence [19] s Mus musculus (mouse), ascites tumor cells peptide
mapping [2], Friend leukemia cells peptide mapping [20]; Rattus norwegicus (rat) chloroleukemia cells complete sequence {21].
Fish: Salmo irideus (rainbow trout) complete sequence [22]. Sea urchin: Parechinus angulosus partial sequence [23]. Wheat germ:
Triticum aestivum, three variants partial sequence [48].
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5 10 15 20
Pro- -Gln- - ~Pro-Thr-: -Arg-Ser-Pro-Thr-Lys-Arg-
Psammechinus ro-Ser-Gln-Lys—-Ser-Pr: hr-Lys-BArg-Se: r hr-Ly: rg-Ser
Parechinus Pro-Ser-Gln-Lys-Ser—-Pro-Thr-Lys-Arg-Ser-Pro-Thr-Lys-Arg-Ser-Pro-Thr-Lys-Arg-Ser—
- - ~Pro- -Lys~Gly-Ser-Ero-Arg-Lys-Gly-Ser-Pro-Arg-Lys-Gly-
Echinolampas Pro-Lys-Ser-Pro~Ser-Ly y-Ser :r g-Lys-Gly ro-Arg-Ly: y-Ser:
ps echinus Pro-Lys-Ser-Pro-Ser-Lys-Ser-Ser-Pro-Arg-Lys-Gly-Ser-Pro-Arg-Lys~Gly-Ser-Pro-Arg-Lys-Gly-Ser-
Parechinus Pro-Arg-Ser-Pro-Ala-Lys-Thr-Ser-Pro-Arg-Lys-Gly~Ser-Pro-Arg-Lys-Gly-Ser
- - . - - = - - - - - - - - - - - | -Arg- - ~ -
parechinus Pro-Arg-Ser-Pro-Ala-Lys~Thr-Sexr-Pro-Arg-Lys-Gly-Ser-Pro~Arg-Lys-Gly-Sex-Pro-Arg~Lys-Gly-Ser
cals Pro-Glu- Pro-Ala-Lys-Ser-Ala~Pro-Ala—————Pro-Lys-Lys-Gly-Ser
Pro- -Ala-Lys-Ser-Ala~-Pro-Ala———————Pro-Lys-Lys-Gly-
Chicken ro-Glu—Pro-Ala-Lys-Ser-Ala~Pro a ro-Lys-Lys y-Ser.
Pro-Glu———>Pro-Ala-Lys-Ser-Ala-Pro~Ala—————————Pro-Lys-Lys-Gly-
Crocodile ro-Glu; ro-Ala-Lys-Ser-Ala-Pro a ro-Lys-Lys y-Ser
- Pro-Glu Pro-Ala~-Lys—-Ser-Ala-Pro-Ala——————Pro-Lys-Lys-Gly-Sex
Xenopus
—Glu————Pro-, - - - - 1ys- - -
Trout Pro-Glu ro-Ala-Lys-Ser-Ala-Pr ys-Lys-Gly~-Ser
patella Pro- Pro-Lys
Pro——— Pro-
Drosophila r ro-Ly
- ~ ~Gly- = -Ala~ - -Gly- e sese et e e S
parechinus Ala~Pro-Thr-Gly-Gln-val a-Lys-Lys-Gly-Ser
18" embryo
Pro-. dreertereaeann Pes et re e S e sareescce st ane s et aeea freeseaan.
Parechinus ro-aAla
25h embryo III
= ————————Lys— -~ - - = =-Ala...... Praraeas P, PP
parechinus Pro-Ala ys—-Ala-Gln-Val-Ala-Gly-Ala
25" embryo Vv
Parechinus gut Blocked. .ooverornnnnns et haee e et P Preeeasesena. PRI
Triticum Blocked...... T Pt e aterreece et er et st aen At s n ot TN
25 30 35 40
H Pro-Gln-Lys-Gly-Gly-Lys——————————Gly-Ala-Lys-Arg-
2B(l) Psammechinus ¥ Yoyl ¥ ¥ g
H2B Pro-Gln-Lys-Gly-Gly-Lys-Gly-Gly-Lys~Gly-Ala-Lys—-Arg-

(1) Parechinus

Pro-Thr-Arg-Arg~Gly-Alag————-——-—-—Gly-Gly-Lys—————————Gly-Ala-Lys-Arg-
k2B Echinolampas ro-Thr-Arg-Arg-Gly-Ala y-Gly-lys Y Y g
H2B Pro-Lys-Arg-Gly-Gly-Lys——————————Gly-Ala-Lys-Arg~-
(2) Psammechinus r Y S—AXg y y-Ly y v g
-Ser-Arg-Lys-Ala-Ser-Pro~Lys-Brg-Gly-Gly-Lys——————Gly-Ala-Lys—-Arg-
H2B(2) Parechinus Pro-Ser-Arg-Lys-Ala-Ser-Pro-Lys-Arg-Gly y=-Lys Yy ys—-Arg
- - = ~Ala~ - -Lys-Arg-Gly-Gly-Lys——————Gly-Ala-Lys-Arg-
2B (3) parechinus Pro-Ser-Arg-Lys-Ala-Ser-Pro-lys-Arg-Gly-Gly-Lys ¥ Y g
H2B
Calf
H2B
Chicken
2B
H Crocodile
H2B
Xenopus
2B
i Trout
—Ser-Ser— Gly-Ala-Lys-Lys—
H2B pPatella ——————————Val-Ser-Ser-Ly 1y-Ala~Lys-Lys
H2 ——————————JThr- - - AT A= — - _
B Drosophila hr-Ala-Gly-Ly —~Ala-Ala-Lys-Lys
H2B S e R Y . PP PR
Parechinus e e
18h  embryo
H2B . e ee e e e e
Parechinus . . e . PN e,
250 embryo III
H2B . Crer s e ae e e et
Parechinus .o cser e e e r e P et . DY .
25h embryo V
H2B . e Ceeneen Cereeaae ceeeane
Parechinus gut . N F N e
H2B s e S iee s arrs s e, I e ..
Triticum . L I R N e ea e,
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45 50 55 60
H2B Gly~ -Lys-Ala~Gly- ~Arg-, - - - - - - - - -, - - ~Brg- -
(1) Ps echinus ly-Gly-Lys-RAla-Gly-Lys~Arg-Arg-Arg-Gly-Val-Ala-Val-Lys—Arg-Arg-Arg-Arg-Arg-Arg-Glu
H2B — - - - ol -Arg-. - - = — - = - - - - - - - -
(1) Parechinus Gly-Gly-Lys-Ala~Gly-Lys-Arg-Arg-Arg-Gly-vVal-Gln-Val-Lys-Arg-Arg-Arg-Arg-Arg-Arg-Glu
H2B Ala-Gly- -Gly-Gly- -Arg- ~Thy- -Val- - - ~Arg- - X -Arg- - -
Echinolampas la-Gly-Lys-Gly-Gly-Arg-Arg~Arg-Thr- X -Val-Ala=———Lys-Arg~Arg- X X -Arg-Arg-Glu
H2B Ala- - — ~Gly- ~Arg- - f et et aa e iee it et aeaceta st
(2) ps echinus la~-Gly-Lys-Gly-Gly-Arg-Arg- X X—Val
H2 Ala- -~ — - - -, - - ~Lys-. - - - - -, - -
B(2) Parechinus la-Gly-Lys-Gly-Gly-Arg~Arg-Arg-Arg—Val—Val-Lys-Arg-Arg-Arg-Arg-Arg-Arg-Glu
H2B Ala-Gly-Lys-Gly-Gly-Arg-Arg-Arg- -Lys—-Arg-Arg-Arg-Arg-Arg-Arg-Glu~
(3) Parechinus la-Gly-Lys-Gly-Gly-Arg-Arg-Arg-Arg. val Val-Lys—-Arg~Arg-Arg-Arg-Arg-Arg-Glu
H2B Calf Lys-Lys-Ala-vVal-Thr-Lys-Ala~Gln-Lys-Lys-Asp-Gly-Lys-Lys-Arg-Lys-Arg-Ser-Arg-Lys-Glu-
H2B Chicken Lys-Lys-Ala-Val-Thr-Lys-Thr-Gln-Lys~Lys—-Gly=-Asp-LysS-LYS=BIrg ...e.verersvnersenneannns
H2B Lys~ - - - - — - B - - - - ~ - N
Crocodile ys~Lys-Ala-val-Thr-Lys—-Thr-Gln-Lys-Lys-Gly~-Asp-Lys-Lys-Arg
H2B Lys- -Ala- =Thr- = = - - - — - - - Ceereeean et ey
Xenopus ys-Lys—Ala-val-Thr-Lys-Thr-Gln-Lys-Lys-Asp-Gly-Lys-Lys-Arg
H2B Trout Lys-Lys—-Ala-Val-Thr-Lys-Thr-Ala~Gly-Lys-Gly-Gly-Lys-Lys-Arg-Lys-Arg-Ser~Arg-Lys-Glu-
H2B patella Ala-Gly-Lys-Ala— _Lys-Ala-Ala-Arg~Ser-Gly-Asp-Lys-Lys—Arg-Lys-Arg-Arg-Arg-Lys-Glu-
H2B Ala- -Lys-. — - -Asx-Ile-Thr- —Thr- - - Ch e iaees et s
Drosophila la-Gly-Lys-Ala-Glx-Lys-Asx-Ile-Thr-Lys-Thr-Asx-Lys-Lys ..
H2B Parechinus Lys-Lys-Ala-Val-Lys-Ala-Pro-Arg-Pro-Ser-Gly-Gly-Lys-Lys-Arg-Asx- (X -Lys-Arg-Lys)Glu~
lBh embryo
H2B . cheet et Ceearsans E e ceenr e F
Parechinus
25h embryo III
H2B Parechinus caes F Ceene Cesaaa .o Ceraa ‘e
25 embryo V
H2B f . saeaeeeeen R I A I TR Ceees PRI I Ceereenan e e
Parechinus gut
H2B - et ettt e et ey N e
Triticum Tttt et et RN .
65 70 75 80 85
Ser- — - " e eerseianeenna. Bttt ettt Ceeeeas P e Ceaaea. feeer e
H2B(l) Psammechinus er-Tyr-Gly-Ile
HZB(l) Parechinus Ser-Tyr-Gly-Ile-Tyr-Ile-Tyr-Lys-Val-Leu-Lys-Gln~Val-Bis~Pro-Asp-Thr-Gly-Ile-Ser-Ser-Arg-Ala-Met-Ser-
H2B = — - -~ - R Seteere e aaaee s Ceesaer e e et - - -
Echinolampas Ser-Tyr-Gly-Ile-Tyr-val Met-Ser
HZB(Z) Psammechinus P R R R R R T R TN Sl e aae s a it eseenaaaa e caatean et e aans
HZB(Z) parechinus Ser-Tyr~-Gly-Ile-Tyr~Ile-Tyr-Lys-Val-Leu-Lys-Gln~Val-His~Pro-Asp-Thr-Gly-Ile-Ser-Ser-Arg-Ala-Met-Ser-
H2B -Tyr- - - - ~ - — - ~ - ~ -His~ - — - - - - ~Axg- -Met- -
(3) Parechinus Ser-Tyr-Gly-Ile-Tyr-Ile-Tyr-Lys—-Val-Leu-Lys-Gln~Val-His~Pro-Asp-Thr-Gly-Ile-Ser-Ser-Arg-Ala-Met-Ser
H2B calf Ser-Tyr-Ser-Val-Tyr-Val-Tyr-Lys-Val-Leu-Lys-Gln~Val-His-Pro-Asp-Thr-Gly-Ile-Ser-Ser-Lys~Ala-Met-Gly-
H2B Chicken E T T S T ceraaa. “ee Ceenenen ceeeane Ceeee e .
H2B Crocodile R R R R R T T taareae Cesessseniraannen ceane PR S . .
H2B I L L R R R T T T Cereean [N . Ceaeaercannaan
Xenopus
2B Trout Ser-Tyr-Ala~Ile-Tyr-Val-Tyr-Lys-Val-Leu~Lys-Gln~Val-His-Pro-Asp-Thr-Gly-Ile-Ser-Ser-Lys-Ala-Met-Gly-
H2B patella Ser-Tyr-Ser-Ile-Tyr-Ile-Tyr-Lys-Val-Leu~Lys-Gln-Val-His-Pro-Asp~Thr-Gly-Val-Ser-Ser-Lys-Ala-Met-Ser-
H2B Drosophila PR e R e Ceeenen et r e, Ceeieret e Vet e
H2B . Lt asaaeeeneas ettt et ey e e eeeeeaaae, Met-Ser
Parechinus
18h embryo
H2B . eeetantannssanotasnossnsssacsotncnsansnnnssates e i e e Met-Ser-
Parechinus
25 embryo III
H2B T et ta ey (S .. eeeereeses . Met-Ser-
Parechinus
25 embryo V
T R R R R R R T PRI I .Met-Ser-
Hze Parechinus gut © ©
H2B Thr-Tyr-Lys-Ile-Tyr-Ile-Phe-Lys-Val-Leu~Lys-Gln-Val-His-Pro-Asp-Ile-Gly-Ile-Ser-Ser-Lys-Ala-Met-Ser-

Triticum
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90 95 100 105 pRke]
B [ = ~Phe- - -, - - = - - - R R R L P R
H2 (1) Psammechinus Asn-Ser-Phe-Val-Asn-Asp-Val-Phe-Glu- X Ile-Ala
- - - —~Phe~ - - — - - -, - - - - - - - - — - -Tyr-Asn-Arg~
HZB(l) parechinus Val~Met-Asn~Ser—-Phe-Val-Asn-Asp-Val-Phe-Glu-Arg-Ile-Ala-Ala-Glu-Ala~Gly-Arg-Leu :?: Thr A{; sn-Arg
H2B ~| - - - - - -, — - — - - - - p - - - - = ~His- - -Arg-
Echinolampas Ile-Met-Asn-Ser—-Phe-Val-Asn~Asp-Val-Phe-Glu-Arg-Ile-Ala~Ala-Glu-Ala-Ser-Arg-Leu Ser His Tyr Asn-Arg
H2B
(2) Psammechinus = ....c... Asn-Ser-Phe-val-Asn-Asp-Val-Phe-Glu-~Arg-Ile~Ala-Gly~Glu-Ala-Ser-Arg-Leu-Thr-Ser-Ala-Asn-Axrg-
B —Met~Asn-Ser-Phe-vVal-Asn-Asp-Val-Phe-Glu-Arg-Ile-Ala-Giy-Glu-Ala-Ser-Arg-Leu-Thr-Ser-Ala-Asn-Arg-
H2 (2) Parechinus val-Met-Asn-Ser-Phe~Val-Asn-Asp-Val-Phe-Glu-Arg~Ile-Ala-Giy~Glu~Ala-Ser-Arg-Leu-Thr-Ser-Ala-Asn-Arg
H28(3) Parechinus Val_MEt—ASn‘ser-Phe"val‘Asn“ASP—Val—Phe—Glu-Arg—Ile—Ala—Ser—Glu«Ala—Ser—Arg—Leu—Thr—Ser—Ala—Asn—Arg
H2B calf Ile-Met-Asn-Ser-Phe-Val-Asn-Asp-Ile-Phe~Glu-Arg-Ile-Ala-Gly-Glu~Ala-Ser-Arg-Leu-Ala-His-Tyr-Asn-Lys—
H2B Chicken eeenee Azn-Ser-Phe-Val-Asn-Asp-Ile-Phe~Glu-Arg-Ile-Ala-Gly-Glu-Ala-Ser—-Arg-Leu-Ala-His~Tyr-Asn-Lys-
H2B PP Asn-Ser~Phe-Val-Asn-Asp-Ile~Phe-Glu-Arg-Ile-Ala-Gly-Glu-Ala-Ser-Arg-Leu-Ala-His-Tyr-Asn-Lys-
Crocodile
H2B Xenopus Ceeerenn Asn-Ser-Phe-Val-Asn-Asp-Val-Phe-Glu-Arg-Ile-Ala-Gly-Glu-Ala-Ser-Arg-Leu-Ala-His-Tyr-Asn-
H2B Trout Ile-Met-Asn-Ser-Phe-vVal-Asn-Asp-Ile-Phe-Glu-Arg-Ile-Ala-Gly-Glu~Ser-Ser-Arg-Leu-Ala-His~Tyr-Asn-Lys-
H2B patella Ile~-Met-Asn-Ser~Phe-val-Asn-Asp-Ile~Phe-Glu-Arg-Ile-Ala-Ala-Glu-Ala-Ser-Arg-Leu-Ala-His-Tyr~Asn-Lys-
H2B
Drosophila Ile
B -Met-Asn~Ser-Phe-Val-Asn-A; Phe-Glu~Arg-Ile-Ala~Gly-Glu-Ala-Ser-Arg-Leu~
H2 parechinus Ile-Met-Asn~-Ser-Phe-Val-Asn-Asp val he-Glu~Arg-Ile-RAla-Gly u-Ala-Ser-Arg-Leu
18 embryo
H2B X Ile-Met-Asn-Ser~Phe-Val-Asn-Asp=Ile—Phe ... cu.etinereerescrerstttireaaeasataannananasesoossoasanoans
Parechinus
25 embryo III
H2B val Met-Asn-Ser~Phe~Val-Asn-Asp-Val-Phe-Glu .....ccvvevvnnnoeenans e eteveceeita e e .
Parechinus Ile
25 embryo V
H2B . Leu-Met-Asn-Ser-Phe-Val-Asn-Asp-Val-Phe-Glu-Arg-Ile-Ala-Ala-Glu-Ala-Ser-Arg-Leu ....-.veeeriacenanss
Parechinus gut
H2B Triticum Ile-Met-Asn-Ser-Phe-Ile-Asn-Asp-Ile-Phe-Glu-Lys-Leu~Ala-Gly-Glu-Ser-Ala-Lys-Leu-Ala-Arg-Tyr-Asn-Lys~
115 120 125 130 135
HZB(1> Ps echinus I e, Ceereene e e PRI
H2B . Arg-Ser—Thr-Val-Ser-Ser-Arg~-Glu-Val-Gln-Thr-Ala-Val-Arg-Leu-Leu-Leu-Pro-Gly-Glu-Leu-Ala-Lys-His-Ala-
(1) Parechinus
B - ~Thr- -Ser- -, - - - eerererean Beet et e daaae e ey TR PRSP
H2 Echinolampas Arg-Ser-Thr-Ile-Ser-Ser-Arg~ X -Ile
HZB Arg-Ser— - -Ser~ -, - B T L L LR T P PR
2 (2) Ps echinus rg-Ser-Thr-Ile-Ser-Ser-Arg- X e
H2B . Arg-Ser-Thr-Val-Ser-Ser-Arg-Glu-Ile-Gln-Thr-Ala-Val-Arg-Leu-Leu-Leu-Pro-Gly-Glu-Leu-Ala-Lys-His-Ala-
(2) Parechinus
H2B . Arg-Ser-Thr-val-Ser-Ser-Arg-Glu-Ile~Gln-Thr~Ala-Val-Arg-Leu-Leu-Leu-Pro~Gly-Glu-Leu-Ala-Lys-His-Ala~
(3) Parechinus
H2B calf Arg-Ser-Thr-Ile-Thr-Ser-Arg-Glu-Ile~Gln-Thr-Ala~Val-Arg-Leu-Leu-Leu-Pro-Gly-Glu-Leu-Ala-Lys-His-Ala-
H2B -Ser-! - I T R Ceaieran Cihsre e e Ceveeana PR I N .
Chicken Arg-Ser-Thr-Ile
H2B - -~ - - - - - i et e PN e e .
2 Crocodile Arg-Ser-Thr-Ile~-Thr-Ser-Arg- .
H2B et T R ettt e, e
Xenopus
H2B Trout Arg-Ser-Thr-Ile~Thr~Ser-Arg-Glu-Ile-Gln-Thr-Ala-Val-Arg-Leu~-Leu-Leu~Pro~Gly-Glu-Leu-Ala-Lys-His-Ala-
H2B Patella Arg-Ser-Thr-Ile-Thr-Ser~Arg-Glu~Ile-Gln-Thr-Ala-val-Arg-Leu-Leu-Leu~Pro-Gly-Glu-Leu-Ala-Lys-His-Ala-
B I F R R R I R AR SR Ceeean feeean e P s sy
H2 Parechinus tt
180 embryo
H2B . T L R e e, e .
Parechinus
25 embryo III
B P I R P T e R I I I TR PRI IR Cr et
12 Parechinus T TTTTUtrorsetroctotserarcrrErrcser ettt
25 embryo V
H2B P I T Crereea i I Cttar e taeee e e .
Parechinus gut " TTTTIITUroocrtTooorosesecrenrasernr sy ot
H2B Triticun Lys-Pro-Thr-Ile~-Thr-Ser-Arg-Glu-Ile-Gln~Thr-Ser-Val-Arg-Leu-Val-Leu-Pro-Gly-Glu-Leu-Ala-Lys-His-Ala-
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140 145 150
H2B o0 L i eaiasisaeineaaeaan -
(1) Psammechinus Creer sy DR U T IR I SN Arg
HZB(l) Parechinus Val-Ser~Glu~Gly-Thr-Lys-Ala-Val-Thr-Lys-Tyr-Thr-Thr-Ser-Arg
HZ2B
Echinolampas T T TTTtArTTeteeteesaesiiiiiiiie
HZ
B{z} Ps B A R R L L LR R R R -Ala~-Arg
HQB<2) Parechinus Val-Ser-Glu-Gly-Thr-Lys-Ala-Val~Thr-Lys-Tyr-Thr-Thr-Ser-Arg
H2B(3) parechinus Val-Ser-Glu-Gly-Thr-Lys-Ala-Val-Thr-Lys-Tyr-Thr-Thr~Ser-Arg
HZB caie val-Ser-Glu-Gly-Thr-Lys-Ala-Val-Thr-Lys-Tyr~Thr-Ser-Ser-Lys
H2B ChiCken  f et eaae et e
H2B
L Crocodile | tterteesesessresssiaansi. PR bheseasreer et i
HZ2B .
KENOPUS Tttt
HZB Trout Val-Ser-Glu~Gly~-Thr-Lys-Ala~Val-Thr-Lys-Tyr-Thr~Ser-Ser-Lys
HZB Patella Val-Sexr~Glu-Gly-Thr-Lys-Ala-~Val-Thr-Lys-Tyr-Thr-Ser-Ser-Lys
H2B N PR
Parechinue  ttt TNttt ea e
18 embryo
H2B S aeaaaes
Parechinus Tt tTTrTeaet et e e,

258 embryo IIX

HZB O
Parechinus —  CTTTTTUTTIITIeritassiesiiiessaiiiiiiiiii i
257 embryo V
H2B S eia saeevaseeaeiraeny
Parechinus gut Tt TTTttrAETTTTee el e
H2B Tritieum Val-Ser-Glu~Gly-Thr-Lys-Ala~-Val-Thr-Lys-Phe (Thr-Ser-Ala)Lys

Fig.2. Sequences of histone 112B, aligned for homologies. Numbering refers to alignment positions and not to scquence positions.
Deletions in the alignment (——); regions not sequenced (- - - -). Mammal: Bos raurus (calf) complete sequence [24]. Bird: Gallus
domesticus (chicken) partial sequence [25]. Reptile: Crocodilus niloticus partial sequence [25]. Amphibian: Xenopus laevis
partial sequence [25]. Fish: Salno trutta (trout) partial sequence [26]. Sea urchins: Parechinus angulosus, sperm, three variants
complete sequence [27—29], embryo, two variants partial sequence [23,30], diploid gut cell, one variant partial sequence [23];
Psammechinus miliaris, sperm, two variants partial sequence [31]; Echinolampas crassa, sperm, two variants partial sequence
[32]. Mollusc: Patella granatina (limpet) complete sequence [33]. Insect: Drosophila melanogaster partial sequence [34]. Plant:

Triticum gestivimm {(wheat) partial sequence [35].

variability of the histone H2B structure could be seen
as an expression of a phylogenetic histone programme.
At this stage there are not enough comparative
data available to draw final conclusions as to the
general occurrence of tissue specificity in the histone
H2B group. A definite case however, can be made for
the histones H2B from terminally differentiated
haploid sperm cells of different sea urchin species. In
these proteins entirely new structural domains have
become established. The latter proteins appear to be
typical for the cell type as well as for the species. The
sperm cells of the sea urchin Parechinus angulosits
contain three structural variants of histone H2B,
characterized by a repeating pentapeptide structure
in the N-terminal part of the molecule (fig.2). Similar
histones have now also been found in the sperm of
two other sea urchin species, Psarmmechinus miliaris
and Echinolampas crassa (fig.2). Six different sperm

histones H2B have been characterized from only
three species investigated (fig.2). The high abundance
of different sperm histone H2B variants in sea urchins
indicates a very rapid evolution of this particular
histone to meet the special needs for survival of that
cell type which in very large numbers for a very
short time (between spawning and fertilization) is
exposed to high selection pressure. Such a scenario
is very suitable to select any favourable histone muta-
tion because of its immediate confirmation by success-
ful fertilisation.

The most distinctive feature of these histones
H2B consists in the repeating pentapeptides in the
N-terminal part of the molecule comprising proline at
the N-terminus and serine at the C-terminus. The
pentapeptide region leads into a lysine, glycine-rich
region in which again repeat structures with a certain
amount of variation can be recognized. Gradually,
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from alignment position 55 onwards, homologies to
calf thymus histone H2B become more evident. The
C-terminal two-thirds of the molecules are highly
homologous to each other and to the somatic bovine
H2B histone with only occasional amino acid sub-
stitutions.

The general structure of a pentapeptide with
N-terminal proline, a C-terminal hydroxy amino acid
and 13 central basic amino acids is also present,
usually however, not as a repeat structure, in a variety
of other proteins found in association with DNA, e.g.,
trout histone T [41], HMG protein from trout [42],
HMG1 [43], HMG 17 [44], histone H1 from rabbit
[45], histone H1 from trout [39], histone H2B from
calf [24], chicken, crocodile and Xenopus [25] and
trout [26]. In the protamines this structure occurs
repeatedly in four molecules of the clupein group [46]
and two of the iridine group [46].

The pentapeptide structure due to its basicity and
the potential phosphorylation site of the C-terminal
end, may be particularly suitable to provide centers
for reversible association between DNA and nuclear
proteins. The structural homologies between the penta-
peptide region of the sperm histones and the prot-
amines suggest an evolutionary relationship between
these two types of sperm proteins. The early presence
of histones and the late arrival of protamines on the
evolutionary scene make the sea urchin sperm histones
a likely ancestor of the protamines. Terminally differ-
entiated diploid cells at various levels of organisation
(testes tissue, erythropoietic tissue and lymphatic
tissue) appear to contain only one typical histone
H2B whereas the haploid, terminally differentiated
sea urchin sperm cell contains several different types.

In addition to the four prototype histones (H3, H4,
H2A and H2B) which form the nucleosome, a fifth

5
Sea Urchin
Trout testis
Chicken H5
Rabbit thymus (RTL-2)
Rabbit thymus (RTL-3
Rabbit thymus (RTL-4)
Calf thumus (CTL-1)
Chicken H1 (CEL-5)
Goose H5

Pigeon HS5
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group of histones characterised by a high lysine and
alanine content, the histones H1, occur in chromatin.
It has been suggested that they play a role crosslinking
the nucleosomes [47]. In nucleated erythrocytes a
group of histones also rich in alanine and lysine and
moderately rich in arginine occurs, the histones H5.
Comparison of the amino acid composition and the
known primary structures of the histones H1 and H5
(fig.3) reveals that there is at this stage no real justifi-
cation to put these histones into two different
categories on structural grounds. It is well established
that the histone H1 structures exhibit a considerable
degree of variation from species to species and within
one species from tissue to tissue [34]. In view of the
structural variability of the histones H1 on the one
side and the extensive sequence identities with, or
homologies to, the histones H5, the latter can be con-
sidered as a series of tissue specific members of the
histone H1 family, exhibiting a higher arginine con-
tent similar to the histone H1 from the sperm cells of
the sea urchin Parechinus angulosus (fig.3).

The proteins in this histone H1 family are
characterised by a core of largely hydrophobic amino
acids extending from alignment position 45—117
(fig.3). In this region several stretches of the respective
sequences are either virtually identical or highly
homologous with most of the amino acid replacements
being of the conservative type. Whereas the sea urchin
sperm H1 in this region contains four methionine
residues (fig.3) the sea urchin embryo histone has only
two methionines [23], the erythrocyte specific protein
only one and the other histones H1 none (fig.3).

Towards the N-terminus of the molecules (align-
ment position 44—1) a more variable region follows,
rich in basic amino acids, alanine, proline and serine.
In this area in the sperm histone, a repeat structure

10 15 20

Pro-Gly-Ser-Pro-Gln-Lys-Arg-Ala-Ala-Ser-Pro-Arg-Lys-Ser-Pro-Arg-Lys-Ser-Pro-Lys-

AcAla-Glu-vVal-Ala-Pro-Ala-Pro-

Thr-Glu-Ser-

AcSer-Glu-~Thr-Ala-Pro-Val-Ala-Pro-Ala-Ala-Pro-Ala-Pro-Ala-
AcSer—Glu-Ala-Pro-Ala-Glu-Thr-Ala-Ala-Pro~Ala-Pro-Ala-Glu-Lys-Ser-

AcSer~Glu-Ala-Pro-Ala-Glu-Thr-Ala-aAla-Pro-Ala~Pro-Ala-Lys-Ser-Pro-

Lys-Ser-Pro-

AcSer—-Glu-Ala-Pro-Thr-Val-Ala-Ala-Pro-Ala~-Val-Ser-Ala-Pro-Gly-

Thr-Asp-Ser-Pro-
Thr-Glu-Ser-Pro-Ile-Pro-
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25 30 35 40
Sea Urchin Lvs—Ser—Pro—Arg—Lys—Ala—Ser—Ala—Ser—Pro—Arg—Arg—Lys—Ala—Lys—Arg-Ala—Arg—Ala—Ser—
Trout testis Ala-Ala-Ala-Ala-Pro-Ala-Lys-Ala-Pro-Lys-Lys-Lys-Ala-Ala-Ala-Lys~-Pro~Lys-Lys-Ser-
Chicken HS5 Leu—Val~Leu—Ser—Pro—Ala—Pro—Ala—Lys—Pro-Lys—ii;—Val—Lys—Ala—Ser—Arg—Arg—Ser—Ala—
Rabbit thymus (RTL-2) Glu-Lys~Thr-Pro-val-Lys-Ala-Lys~-Lys-Lys—-Pro-Gly-Ala-Gly-Ala-Ala-Lys-Arg-Lys-Ala-
Rabbit thymus (RTL-3) Pro-Ala~Lys-Lys-Lys-Lys-Ala-Ala-Lys-Lys-Pro-Gly-Ala-Gly-Ala-Ala-Lys~-Arg-Lys-Ala-
Rabbit thymus (RTL-4) Ala-Lys~Thr-Pro-val-Lys-Ala-Arg-Lys-Lys-Lys-Ser-Ala-Gly-Ala-Ala-Lys~-Arg-Lys-Ala-
Calf thymus (CTL-1) Ala-Lys~Thr-Pro-vVal-Lys-Ala-Ala-Lys-Lys-Lys-Lys-Pro-Ala-Gly-Ala-Arg-Arg-Lys-Ala-
Chicken H1 (CEL-~5) Ala-Lys~Lys-Pro-Lys-Ala-Ala-Lys-Lys~Lys-Ala-Ala-Gly-Gly-Ala-Lys-Ala-Arg-Lys-Pro-
Goose HS Ile-Pro~Ala-Pro-Ala-Pro-Ala-Ala-Lys-Pro-Lys-Arg-Ala-Arg-Ala-Pro-Arg-Lys-Pro-Ala-
Pigeon HS Val-Pro-Ala-Pro-Ala-Pro-Ala-Ala-Lys-Pro-Lys-Pro-Lys-Arg-Val-Ser-Lys-Arg-Pro-Ala-
45 50 55 60
Sea Urchin Thr-His-Pro-Pro-vVal-Leu-Glu-Met-Val-Gln-Ala-Ala-Ile Thr-Ala-Met-Lys-Glu-Arg-Lys-—
Trout testis Gly Pro-Ala-Val-Gly-Glu-Leu-Ala~Gly-Lys-Ala-Val Ala-Ala-Ser-Lys-Glu-Arg-Ser-
Chicken HS5 Ser-His-Pro-Thr-Tyr-Ser-Glu-Met-Ile~Ala-Ala-Ala-Ile———Arg-Ala-Glu-Lys-Ser-Arg-Gly-
Rabbit thymus (RTL-2) Ser-Gly-Pro-Pro-Val-Ser—Glu-Leu~Ile~Thr-Lys-Ala-Val-Ala Ala-Ser-Lys-Glu-Arg-Ser-
Rabbit thymus (RTL-3) Ala-Gly-Pro-Pro-Val-Ser—Glu-Leu~Ile~Thr-Lys-Ala-Val-Ala Ala-Ser-Lys-Glu-Arg-Asn-
Rabbit thymus (RTL-4) Ser~Gly-Pro-Pro~Val-Ser-Glu-Leu~Ile~Thr~Lys~Ala-Val-Ala Ala-Ser-Lys-Glu-Arg-Ser—
Calf thymus (CTL-1) Ser-Gly-Pro-Pro-vVal-Ser—-Glu-Leu-Ile~Thr-Lys-Ala-Val-Ala Ala-Ser-Lys-Glu-Arg-Ser-—
Chicken H1 (CEL-5) Ala~Gly-Pro Val-Ser-Glu-Leu-Ile~Thr-Lys-Ala-Val-Ser Ala-Ser~Lys- region unknown
Goose H5 Ser-His-Pro-Thr-Tyr-Ser-Glu-Met~Ile~Ala~Ala-Ala-Ile———Arg-Ala-Asp-Lys-Ser-Arg-Gly-
Pigeon H5 Ser-His-Pro-Pro-Tyr-Ser-Asp-Met-Ile~Ala-Ala-Ala
65 70 75 80
Sea Urchin Gly——Ser-Ser-Ala-Ala~Lys—-Ile-Lys~Ser-Tyr-Met-Ala-Ala-Asn~Tyr-Arg-Val-Asp-Met-Asn-
Trout testis Gly-val-Ser-Leu-Ala-Ala-Leu-Lys-Lys-Ser-Leu-Ala-Ala-Gly-Gly-Tyr-—————Asp-Val-Glu-
Chicken HS Gly——Ser-Ser-Arg-Gln-Ser-Ile-Gln~Lys-Tyr-Ile-Lys-Ser-His~Tyr-Lys-Val-Gly-His-Asn-
Rabbit thymus (RTL-2) Gly-vVal-Ser~Leu-Ala-Ala-Leu-Lys-Lys~Ala-Leu-Ala-Ala-Ala-Gly-Tyr-Asp-Val-Glu-Lys-Asn-
Rabbit thymus (RTL-3) Gly-Leu-Ser-Leu-Ala-Ala-Leu-Lys-Lys~Ala-Leu-Ala-Ala-Gly-Gly-Tyr-Asp-Val-Glu
Rabbit thymus (RTL-4) Gly-Val-Ser-Leu-Ala-Ala-Leu-Lys-Lys~Ala-Leu-Ala-Ala-Ala-Gly-Tyr
Calf thymus (CTL-1) Gly-Val-Ser-Leu-Ala-Ala-Leu-Lys-Lys~Ala-Leu-Ala-Ala-Ala-Gly-Tyr
Chicken Hl (CEL-5) region unknown Ala-Leu-Ala-Ala-Gly-Gly-Tyr-Asp-Val-Glu-Lys-Gly-
Goose HS Gly——Ser-Ser-Arg-Gln-Ser-Ile~-Gln-Lys-Tyr-Val-Lys~Ser-His-Tyr-Lys-Val-Gly-Gln-His-
85 20 95 100
Sea Urchin Val-Leu-Ala-Pro-His-Val-Arg-Arg-Ala-Leu-Arg-Asn-Gly-val-Ala-Ser-Gly-Ala-Leu-Lys—
Trout testis Lys-Asn-Asn-Ser-Arg-Val-Lys-Ile-Ala-Val-Lys-Ser-Leu-Val-Thr-Lys-Gly-Thr-Leu-Val-
Chicken HS Ala-Asp-Leu-Gln: Ile-Lys-Leu-Ser-Ile-Arg-Arg-Leu-Leu-Ala-Ala-Gly-vVal-Leu-Lys-
Rabbit thymus (RTL-2) Asn-Ser-Arg
Rabbit thymus (RTL-3) Lys-Asn-Asn-Ser-Arg-Ile-Lys~-Leu-Gly-Leu-Lys-Ser-Leu-Val-Ser-Lys-Gly-Thr-Leu-val-
Chicken H1 (CEL-5) Asn-Ser-Arg
Goose H5 Ala-Asp-Leu-Gln-Ile-Lys-Leu Ala-Ile-Arg-Arg-Leu-Leu-Thr-Thr-Gly-vVal-Leu-Lys-
105 110 115 120
Sea Urchin Gln-val-Thr-Gly-Thr-Gly~Ala-Ser~Gly-Arg-Phe-Arg-Val-Gly-Ala-Val-Ala-Lys-Pro-Lys—
Trout testis Glu-Thr-Lys-Gly-Thr-Gly~Ala-Ser-Gly-Ser-Phe-Lys-Leu-Asn-Lys-Lys-Ala-val-Glu-Ala-
Chicken H5 Gln-Thr-Lys~Gly-Val-Gly~Ala-Gly-Ser-Ser~Phe-Arg-Leu-Ala-Lys~-Ser-Asp-Lys—-Ala-Lys-
Rabbit thymus (RTL-3) Glu-Thr-Lys-Gly-Thr-Gly-Ala-Ser~Gly-Ser-Phe-Lys-Leu-Asp-Lys-Lys-Ala~Ala-Ser-Gly-
Goose HS Gln~Thr-Lys-Gly-Val-Gly-Ala-Ser-Gly-Ser-Phe~Arg-Leu-Ala-Lys-Gly-Asp-Lys-Ala-Lys-
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Sea Urchin
Trout testis
Chicken HS

Rabbit thymus (RTL-3)

Goose E5

Sea Urchin
Trout testis

Rabbit thymus {RTL-3)

Sea Urchin
Trout testis

Rabbit thymus (RTL~3)

Sea Urchin

Trout testis
Rabbit thymus (RTL-3}

Sea Urchin
Trout testis
Rabbit thymus {(RTL-3)

Sea Urchin

Trout testis

Sea Urchin

Trout testis
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125 130 135 140

Lys~Ala~Lys-Lys~Thr-Ser-Ala-Ala-Ala

Lys-Ala-Lys~Lys~Ala-Lys-~Ala-Ala-Ala-Ala~-Lys-
Lys-Lys-Pro-Ala-Lys-Lys-Ala-Ala-Ala-Pro~-Lys-Ala-Lys-Lys————————¥al-Ala-Ala-Lys—
Arg-Ser—-Pro~Gly-Lys-Lys-Lys-Ala-Lys{Thr 3; Ser 8; Pro 10; Gly 2; Ala 16; Val 3; Lys 32; Arg 13
Glu-Ala-Lys-Pro-Lys-Pro-Lys-Lys-Ala-Gly~Ala-Ala-Lys~Pro-Lys—-Lys~Pro-Ala-Gly-Ala-Thr-
Arg-Ser-Pro-Ala-~Gly-Arg-Lys~Lys-Lys

145 150 155 160
Lys—Ala—————Arq-ii;—Ala—Lys~Ala—Ala—Ala~Lys—Arg~Lys—Ala—Ala—LeumAla—Lys—Lys-Lys~Ala—

Lys Pro-Ala-Ala

Pro-Lys-Lys -Pro-Lys-Lys—Ala-Ala-Gly-Ala-Lys-Lys-~Ala-Val-Lys-Lys~Thr-Fro-Lys-Lys~-Ala-

165 170 175 180

Ala-Ala-Ala~Lys-Arg-Lys-Ala-~Ala-Ala~Lys~Ala-Lys-Lys~Ala-Lys-Lys~Pro-Lys-Lys~Lys—

Ala-Lys-Lys-Pro-Lys-Lys=-Val-
Pro-Lys-Pro-Lys-Ala-Ala-Ala-Lys-Pro-Lys-Val-Ala-Lys-Pro-Lys-Ser-Pro~Ala-Lys~Val-

185 190 195 200
Ala-Ala-Lys-Lys—Ala-Lys-Lys-Pro-Ala-Lys-Lys-Ser-Pro-Lys-Lys-Ala-Lys-Lys-Pro-Ala~
Ala-Ala-Lys-Lys~Ala-val-ala

Ala-Lys~Lys-Ser-Pro-Lys-Lys-Ala-Lys-Lys-Pro-Ala~
Ala-Lys~Ser-Pro-Lys-Lys-Ala-Lys-Ala-Val-Lys-Pro-Lys~Ala-Ala-Lys-Pro-Lys-Ala~Pro-

205 210 215 220
Lys-Lys—Ser‘PrO*Lys—Lys—Lys*Lys(A1a-A1a—G1y_Lys-Lys)AQ@-Ser—Pro—Lys—Lys-Alaw

r———Thr~-Pro-Lys-Ly Ala~-Ala Lys Ser-Pro~Lys~Lys-Ala~

Lys-Pro-Lys-Ala-Ala-Lys-Ala-Lys-Lys~Thr-Ala-Ala-Lys~Lys-Lys-Lys

225 23¢ 235 240 245

Lys~-Lys-Ala-Ala-Gly-Lys—Axrg-Lys-Pro Ala-Ala-Lys~Lys—Ala-Arg~Arg-

Thr-Lys-Ala~Ala———————~—Lys-Pro-Lys~Ala-Ala-Lys-Pro-Lys-Lys~Ala-Ala-Lys

250 255 260
Ser-Pro-Arg~Lys-Ala-Gly-Lys-Arg-Arg-~Ser-Pro-Lys~Lys (Ala-Arg-Lys
Ser-Pro-Lys-Lys————w—-—3l ~-Lys~Lys-Pro-Ala~Ala-Ala-Lys-Lys

Fig.3. Scequences of histones H1, aligned for homologies. Numbering refers to alignment positions and not to sequence positions.
Deletion in the alignment: (——). The total number of residues is only known for the sea urchin sperm, rabbit thymus RTL3 and
trout testis variants. The extent of unsequenced regions therefore cannot be indicated. Mammal: Bos taurus calf thymus CTL-1
partial sequence [36];Oryctolagus, thymus RTL-2 and RTL~4 partial sequence [36], thymus RTL-3 complete sequence [36]. Birds:
Gallus domesticus (chicken), erythrocyte HS partial sequence [37], erythrocyte CEL-S partial sequence [36]; Anser anser (goose)
partial sequence [38]; Columba spp. {pigeon) erythrocyte partial sequence [38]. Fish: Salmo spp. (trout) testis complete sequence
[39]. Sea urchin: Parechinus angulous sperm cells complete sequence [40].
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Ser—Pro (basic residue), can be recognised (align-
ment positions: 10—13; 14-17; 18-21; 22--25;
29--32). This regular structure is absent from the
other members of the family. The length of this
region varies, being shorter by 15—18 residues in the
erythrocyte specific histones and longest in the sperm
histone. There is little homology in this region
between the proteins originating from different cell
types though variants isolated from comparable cells
exhibit a high degree of homology.

Towards the C-terminus from the central core a
second basic region extends from alignment position
120-263. The complete primary structure in this
domain has only been established for the variants from
trout testis, rabbit thymus RTL3 and sea urchin sperm,
for the remainder of the variants the information is
fragmentary. The region is rich in lysine and alanine
with interspaced proline residues. In sea urchin sperm
histone the proline often occurs next to serine and

both are usually flanked by basic residues, for example:

(Lys),Ser—Pro(Lys), (Position 190—195)

(Lys),Ser—Pro(Lys), (Position 201—-208)

(Lys)—(Arg),Ser—Pro(Lys), (Position 212--218)

120 125
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(Arg),Ser—Pro—Arg (Position 234-238)

Lys—Ser—Pro—(Arg), (Position 239-243)
Such an association of the serine—proline sequence
with basic residues also occurs in the trout testis
variant (fig.3).

In both proteins most of those proline residues not
associated with serine are also flanked in a similar
fashion by basic amino acids (fig.3).

If one accepts a number of deletions (fig.3) then
the carboxy terminal domain of trout testis and sea
urchin sperm histone H1 are highly homologous. Both
can be envisaged to have evolved via a number of
duplications (fig.4).

In both histone groups, Hl and H2B, it becomes
apparent that in the course of evolution selection
pressure has led to the repeated duplication of amino
acid sequences suitable to interact with DNA until an
optimal degree of interaction is reached. In this fashion
the pentapeptide repeat structures in the N-terminal
domains of the histones H2B became established.
Similarly the more extended repeat structures in the
C-terminal domain of the histones H1 from sea urchin
sperm and trout testis may have arisen in this fashion
(fig.4). Though this construction principle is also
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T'ig.4. The carboxyl terminal region of histones H1 from sea urchin sperm cells, trout testis and rabbit thymus. The sequences
have been arranged to indicate possible evolutionary pathways by a series of variably sized duplications. The numbers shown
correspond to alignment position as given in fig.3.
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recognisable in the rabbit thymus histone H1 variant
the repeat sequences in the C-terminal part are not as
clearly preserved as in the trout and sea urchin histone
H1 variants (fig.4).

2. Histone variants and differentiation

Cells involved in differentiation processes appear
to contain a number of variants not only of histone
H2B but also of histone H2A (fig.1,2) and H1 [23].
This leads to the previously mentioned notion that
the variability of histone structures is an expression
of qualitatively different genetic activity of cells
during the life cycle of one organism at any particular
evolutionary level, in short, the existence of histone
programmes during differentiation.

The evidence for this is compelling. Whereas early
sea urchin gastrula contains only one predominant
type of histone H2B, the late gastrula contains several

distinct variants (fig.2). Once differentiation into various

tissues is completed, a typical diploid cell (sea urchin
gut) contains again only a single predominant histone
variant, previously not present at the embryonic
stages (fig.2). The haploid sperm cells contain three
entirely different tissue specific histone H2B variants
not detectable at the embryonic stage. The histone
H2B from wheat germ, also an embryonic tissue,
(fig.2) is similar in structure to the animal-type H2B
in that the C-terminal largely hydrophobic part is
highly homologous to the animal histones. The
N-terminal is, compared to animal histones H2B,
variable and considerably longer than the somatic
animal H2B histones. Whereas the corresponding
region in animal histones comprises 3040 residues
the wheat germ H2B has in this region close to

60 residues. Several structural variants, not yet fully
characterised, of the H2B variety occur in the
embryonic tissue of this plant [35].

From these data on the primary structures of
histone H2B variants, the general picture of a protein
molecule emerges which has been subjected in the
course of evolution to two entirely different selection
pressures focussed onto different parts of the mole-
cule. Histone—histone interaction, necessary for the
reproducible assembly of the chromatin structure, has
favoured a relative constancy in the C-terminal
hydrophobic part of the molecule whereas the chang-
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ing demands of histone—-DNA interaction have
selected a large variety of N-terminal sequences. The
latter can thus provide a variety of chromatin struc-
tures suitable for specific regulatory processes.

Though only limited sequence data are available
for the histone H2A variants from animals, a similar
situation appears to pertain to those histones (fig.1).
Several variants characterised at this stage only by
different amino acid compositions and partial
sequences have been isolated from embryonic tissue,
fully differentiated diploid cells and haploid sperm
cells of the same sea urchin species [23].

The characterization of histones H2A from plants
is even more incomplete than that from animal
histones. Only partial structures of these histones
isolated from wheat germ, an embryonic tissue,
became recently available (fig.1). Several variants of
histone H2A are present [48]. One type is very similar
in overall structure to the prototype histone from
fully differentiated diploid animal cells (calf thymus)
but with 17 point mutations in the first 55 residues
which have been positioned. The other two types of
variants are characterized by a similar sequence in
that region but have additional N-terminal extensions
(fig.1).

These recent developments in the identification
and characterization of histone variants by sequence
analysis and the demonstration that in the sea urchin
these variants appear in a programmed fashion, provide
the structural proof for the notion of a specific role
of histones in the process of differentiation. Such a
role was suggested earlier by the results of the investi-
gation of Asao [49] on differences in the regional
distribution of histone subclasses in newt blastula and
gastrula, In a similar vein, Benttinen and Comb [50]
found stage-specific histone fractions on gel electro-
phoresis of sea urchin embryo histones; similar results
were reported by a number of other groups [51-53].
Cohen, Newrock and Zweidler [54] supplied addi-
tional electrophoretic evidence showing a programmed
appearance of pulse-labelled histone variants in the
developing sea urchin embryo. Arceci et al. [55] and
Newrock et al. [56] have reported stage-specific
histone mRNA species in sea urchin embryos.

Generally the evaluation of gel electrophoretic
results is complicated by the fact that histones with
completely different primary structure may have
under certain conditions the same electrophoretic
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mobility. For example, histone H2B 1y parechinus

and H2B 3y pyrecpinys o0 the one side and

H2B 2y pyrechinus and H3 on the other have identical
electrophoretic mobility [27-29], as have the sea
urchin embryo histone H2A and H2B [23]. Some

of the plant histones of the H2A type have a mobility
very similar to that of histone H3 and are virtually
indistinguishable from each other [48]. On the other
hand it is well established that amino acid side chain
modification leading to a change of the size—charge
ratio of the molecule can have a pronounced influ-
ence on the electrophoretic mobility resulting in
distinct fractions with however identical amino

acid sequences (for review see {57}). The unequi-
vocal proof of the existence of histone variants
obviously lies in the elucidation of their amino acid
sequence,

The programmed appearance of histone variants
during embryonic development, the occurrence of
certain variants in highly specialized cells and the
occurrence of histones with particular structures at
specific levels of evolutionary complexity of organisms
requires a more intricate explanation which goes
beyond that of the provision of a uniform structural
framework to accommodate the DNA.

3. Histone variants and chromatin structure

The periodicity of nuclease-sensitive sites in
chromatin [58], the existence of specific histone—
histone complexes in solution [59], the presence of
these specific, histone pairs in chromatin {60,611,
together with electron microscopic evidence [62], led
to the proposal by Kornberg [63] of the universal,
uniform chromatin subunit, the nucleosome [63].
Models of this subunit are based on data derived from
chemical crosslinking of histones in situ [61,64],
neutron scattering [47,65—69], high resolution
electron microscopy [70], limit digestion of chromatin
with nucleases [71--73], limit digestion of subunits
with proteolytic enzymes [74,75] and extrapolation
from the conformation of individual histones in solu-
tion as revealed by NMR spectroscopy [76--78].

Most of the experimental data are best met by a
model of core particles consisting of a central protein
body associated on its circumference with a super-
coiled DNA dyad of ~140 base pairs. The Xray
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diffraction pattern of core particle crystals is con-
sistent with this model. The wedge-shaped, disc-like
particle having the dimensions of 110 X 110X 57 A
is composed of histones, associated with 1% turns of
a superhelical DNA dyad with a 28 A pitch and a

90 A diam. [79]. These crystallographic dimensions
are in good agreement with those determined by
electron microscopic techniques [70] and with those
of the model proposed on the basis of neutron-
scattering and X-ray scattering data [69].

The present X-ray crystallographic datawitha25 A
resolution [79], do not allow conclusions concerning
the organisation of the histone core. The latter, on
the basis of crosslinking with di-imido esters is seen
as an octamer, consisting of a pair of each of the four
histone H2A, H2B, H3 and H4 [64]. In this octamer
close contacts between histone H2A and H4 as well as
H2A and H2B have been revealed by crosslinking
with ultraviolet light or with tetranitromethane
[80,81]. Similarly, close H3—H3 contacts in the
region of the cysteine residue 110 exist [72].

It appears that the histones H3 and H4 largely
determine the organisation of DNA into a subunit
structure, judged by the periodicity of nuclease-
sensitive sites in DNA-histone complexes assembled
in vitro {82,83].

The subunit model with its central protein core
interacting on its surface with a supercoiled DNA
dyad is in general agreement with the conformation
one would expect the histones to assume, even in the
absence of DNA, given their primary structures
characterized by a clustering of basic amino acids and
hydrophobic residues, respectively.

The basic regions lying on the surface of the
histone complex determine the protein—DNA inter-
action. It is the latter which is probed with the various
nucleases. Transcriptionally active regions of chro-
matin are particularly susceptible to DNase 1 [75,84]
but are not preferentially nicked by micrococcal
nuclease. The size of the DNA segment attached to
the chromatin subunit in such regions appears to be
shorter [85].

These observations correlate well with the occur-
rence of histone variants specific for the particular
functional state of chromatin. This strongly suggests
that histone variants may be one of the determinants
responsible for the different sizes of DNA fragments
produced by nuclease nicks from chromatin of various
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tissues. The histone variants, presumably, lend to the
DNA a conformation which not only facilitates
nuclease cleavage but also transcriptional or not-yet-
defined essential pre-transcriptional events. Post-
synthetic modification, like acetylation, may well
fulfil a similar function [86]. On the other hand,
N-terminal extension of the histones H2B and H1
variants in sea urchin sperm (fig.2,3) as well as in the
histone H2A and H2B in the dormant embryonic
tissue of wheat germ (fig.1,2) appears to be one of
the structural pre-requisites for the packing of DNA
during temporary suppression of transcriptional
activity.

The fifth histone family, the H1 histones, is
probably involved in the close packing of the
elementary nucleosome repeat structure into higher
orders of chromatin condensation. Their likely tertiary
structure as proposed by Hartman et al. [87] entailing
an N-terminal basic random coil extension, the ‘nose’,
a globular structure of the hydrophobic core and a
C-terminal ‘tail’ (fig.3) can easily be envisaged to fulfil
a crosslinking function between nucleosomes [47]
otherwise widely separated. On the other hand, by
attaching itself to the stretch of internucleosomal
linker-DNA [88] via the ‘nose’ and the ‘tail’, one
could envisage the histone H1 providing centres for
protein—protein interaction in between adjacent
nucleosomes through the protruding globular core of
the histone H1. Such protein—protein interaction
centres could play a role in the formation of super-
coil structures.

The construction of the N-terminal extension of
the histones H1 appears to vary considerably from
molecule to molecule not only in total length but
also in the degree of potential secondary structure,
e.g., the occurrence of several proline-containing
tetrapeptide repeats (fig.3) in the sea urchin sperm
variant. Such variations will allow the chromatin to

take on highly specific conformations in certain areas.

The nuclease-produced 140180 base pair pieces
[71] are usually taken as evidence for the existence
of the nucleosome. Such regularly spaced nicks can,
however, be produced equally well with micrococcal
nuclease in the presence of 5 M urea [89], though at
this urea concentration, the typical X-ray diffraction
pattern of chromatin with the 110 A deflection has
disappeared indicating the transition to an extended
structure in which the nucleosome has vanished [90].
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Also, an ionic strength-dependent transition between
extended fiber structure and a nucleosome pattern
becomes evident in electron microscopic investiga-
tions [91]. Since under both these conditions DNA—
histone salt linkages remain intact, the usefulness of
micrococcal nuclease as a nucleosome probe is
limited, particularly in transcriptionally active
chromatin like lampbrush chromosomes and nucleoli
in which electron microscopy hasrevealed the absence
of nucleosomes [92], though the nuclease digestion
pattern of DNA from nucleolar chromatin is indis-
tinguishable from the nucleosomal DNA pattern of
quiescent tissue [93]. It thus appears that differential
susceptibility to either micrococcal nuclease or DNase
is a probe only for the extent of interaction between
the basic regions of the histones and DNA reflecting a
particular DNA conformation, and that the digestion
pattern is largely independent of the presence of
possible quarternary structures of the histone protein
within the histone—~DNA complexes, one of which
gives rise to the nucleosome structure.

The quaternary structure of the histone protein,
its potential for dissociation into subunits and into its
component polypeptide chains as well as the degree
of its interaction with DNA will be determined
primarily by the structure of the component poly-
peptide chains, histone H3, H4, H2A and H2B. In
the course of evolution, the component polypeptide
chains have been selected to enable the chromatin to
fold and unfold reproducibly for the replication cycle,
a function which is based on protein—protein recogni-
tion. The fundamental identity of that process in all
eucaryotic cells probably accounts for the conserva-
tive structure of the polypeptide chains of the histones
H3 and H4 and is reflected in the high degree of
homology in the largely hydrophobic C-terminal
half of the many histone H2B variants, and also in the
homologies of the globular cores of the histones H1.
The demands for suitable protein dictated DNA con-
formations on which regulatory processes can manifest
themselves have shaped the variable N-terminal regions
in the histones H2B, H2A and H1.

Further work on the comparison of histone struc-
tures at different levels of evolutionary complexity
as well as during the process of differentiation may
well provide the answer to the tantalizing question of
the validity also at the molecular level of Haeckel’s
‘fundamental biogenetic law’, formulated in 1866,
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on morphological evidence, that ‘ontogeny is a short
recapitulation of phylogeny’.
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