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ABSTRACT Not all members of the human histone gene
family are functional. We have isolated a human H2B pseudo-
gene that contains alterations in the protein-coding sequences
as well as in the 3' and 5' flanking squences that preclude
expression of a functional H2B histone protein. There are
three modifications in the amino acid-coding region: a single-
base deletion producing a frame shift, a single-base substitu-
tion resulting in a codon change from serine to tryptophan (an
amino acid not present in histones), and the absence of a stop
codon. Analysis of nucleotide sequences upstream from the
AUG start signal indicates the absence of a "TATA" box and
other putative consensus regulatory sequences. In the 3' flank-
ing region, a highly conserved block of 22 nucleotides that ex-
hibits hyphenated dyad symmetry is displaced downstream.
Within the same genomic segment, the adjacent H2A histone
gene is missing 12 nucleotides, resulting in a deletion of four
amino acids in a highly conserved region of the protein.

Histone genes encode a highly conserved class of basic pro-
teins that play a key role in the structural and possibly in the
transcriptional properties of the eukaryotic genome. In hu-
man cells, the histone genes are represented as a family of
moderately reiterated sequences that are clustered (1, 2) but
not organized in simple tandem repeats as in Drosophila (3)
and in sea urchin (4).

Analysis of cloned genomic human histone sequences in
several laboratories (1, 2) has indicated that human histone
gene clusters are polymorphic and exhibit several arrange-
ments with respect to restriction sites and the order and rep-
resentation of coding sequences, including those for H1 his-
tones (5). Structural features shared by most histone genes
include contiguous representation of histone mRNA coding
sequences and a series of conserved sequences in both 3'
and 5' flanking regions (reviewed in refs. 6 and 7).
Reasoning teleogically, the presence of 30-40 copies of

histone genes provides human cells with capacity to synthe-
size sufficient amounts of histone protein during S phase (8-
10) for packaging newly replicated DNA and also to accom-
modate the synthesis of specific histone variants that are not
temporarily or functionally coupled with DNA replication
(11). However, the potential for expression of histone poly-
peptides may not be predicated solely on the number of ge-
netic sites encoding histone sequences. In this paper, we
present evidence suggesting that at least one human histone
gene cluster contains pseudogenes of H2B and H2A histone
genes. With respect to other functional genes studied to
date, the H2B gene exhibits modifications in the protein cod-
ing sequences as well as anomalies in the 3' and 5' flanking
regions that preclude expression of a functional H2B histone
protein. The adjacent H2A gene exhibits a 12-nucleotide de-

letion in a region encoding a highly conserved segment of the
protein.

MATERIALS AND METHODS
Construction of Recombinant Plasmids. Human histone

gene clusters were isolated from a X Charon 4A library (2)
and characterized; EcoRI restriction fragments were sub-
cloned into the EcoRI site of pBR322 (12, 13).

Subcloning Strategy. The recombinant plasmid pFF435B
contains the complete H2A and H2B genes of X HHG 55 (see
Fig. 1A) inserted between the EcoRI and HindIII sites of
pBR322. pFF435B was digested with Pvu II to exclude the Pvu
II/HindIII fragment of the insert as well as the HindIIII
PvuII portion of the vector containing the tetracycline-resist-
ance region (see Fig. L4) and was then recircularized. The
resulting subclone, designated pFF435D, includes the com-
plete human H2B gene and the 5' portion of the H2A gene.
The recombinant plasmids are routinely propagated in HB101.
Plasmid Isolation. Bacteria containing plasmids were

grown in L broth containing ampicillin at 50 Mg/ml. At cell
densities equivalent to A590 = 0.7, chloramphenicol was add-
ed to the cultures to a concentration of 0.2 mg/ml, and incu-
bation was continued for 13-16 hr. Isolation of form I plas-
mid DNA was by the cleared lysate procedure followed by
CsCl/ethidium bromide gradient centrifugation as described
by Clewell and Helinski (14). Ethidium bromide was re-
moved by passage over Dowex AG1X10 (BioRad). Samples
were then extensively dialyzed against 10 mM Tris'HCl, pH
8/0.1 mM EDTA at 4°C, and DNA was precipitated by ad-
dition of ethanol at -20°C in the presence of 0.1 vol of
5 M NaCl. Plasmid DNA was further purified by sieving
through a BioGel A-15m column (30 x 1.5 cm) using 10 mM
Tris'HCl, pH 8.0/1 mM EDTA for elution. The void volume
fractions containing the plasmid DNA were pooled and etha-
nol precipitated.
DNA Sequence Analyses. The sequences of the DNA frag-

ments were determined by the method ofMaxam and Gilbert
(15) except that the piperidine cleavage and recovery of
cleaved fragments by ethanol precipitation steps followed
the method of Smith and Calvo (16). Gels were dried for 20
min at 80°C on a gel dryer and air dried for 1 hr prior to
autoradiography using preflashed Kodak XAR-5 film and
Dupont Lightning Plus intensifying screens.

RESULTS AND DISCUSSION
Restriction maps of two human histone gene clusters
(XHHG39 and XHHG55) that were isolated from a gene li-
brary cloned in X Charon 4A (2) are shown in Fig. 1A.
HHG55 contains genes for histones H2A, H2B, H3, and H4
while XHHG39 contains H2B and H4 histone genes (2). Our
interest in the regulation of transcriptional activity of histone
genes prompted us to subclone and characterize further the
fragments of the human genomic clusters with. respect to
each individual histone gene (17). To identify the H2B his-
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tone subtypes encoded in XHHG55 and XHHG39 and to
characterize their structural and putative regulatory compo-
nents, we carried out nucleotide sequence analysis. The 2.5-
kilobase EcoRI/HindIII fragment of XHHG55, which had
been shown by hybridization-selection and in vitro transla-
tion to contain H2A and H2B histone genes, was subcloned
into pBR322. The H2B-coding region of pFF435B was fur-
ther localized to the 540-base-pair Sst II fragment by South-
ern blot hybridization of restriction endonuclease digests,
using as a probe a fragment from pTN521 (Fig. 1A) that con-

tains an H2B histone gene. A subclone, pFF435D, was con-

structed and used for DNA sequence analysis. Hybridiza-
tion-selection and in vitro translation verified that pFF435D
contains an H2B gene as well as part of an H2A gene. The
strategy for DNA sequence analysis is indicated in Fig. 1B.
The nucleotide sequence of the human H2B histone gene

from pFF435D is shown in Fig. 2, along with the sequences
of H2B genes from chicken (18), yeast (19), and the sea ur-

chin, Psammechinus miliaris (20). In several respects, the
sequence is typical for an H2B histone gene. For example,
the encoded amino acid sequence that was determined had
91% homology with that of chicken, 82% homology with sea

urchin, and 71% homology with yeast. The divergence be-
tween the nucleotide sequences of the human H2B gene

from pFF435D and the H2B coding regions from these spe-

cies ranges from 11.0% for chicken to 26% for sea urchin and
43% for yeast. Downstream from the protein coding se-

quence is a highly conserved block of 22 nucleotides that
exhibits hyphenated dyad symmetry capable of forming a

hairpin loop structure. Although the sequence homology of
this region has been retained, it is located somewhat further
downstream from the end of the protein coding sequences

FIG. 1. Restriction endonuclease maps of
XHHG55 and XHHG39, two human genomic clones
containing H2B histone genes. Also shown are de-
tailed maps of H2B-containing fragments that were
subcloned into pBR322. (B) Restriction map of
plasmid pFF435D and strategy used to determine
the sequence of the H2B histone gene. pFF435B
was digested with Pvu II and the resulting frag-
ments were circularized and ligated to produce a

new plasmid, pFF435D, that contains the origin of
replication and the ampicillin-resistance region of
pBR322 and a 1.3-kb human DNA fragment con-

taining an H2B gene as well as part of an H2A
gene. The black boxes indicate the limits of the
amino acid coding regions.

than in H2B genes from chicken (18), Xenopus laevis (21)
and two sea urchins (20), as well as the yeast Saccharomyces
cerevisiae (19) (Fig. 2).
However, several features of this H2B sequence indicate

that the gene is not functional. Within the 130-nucleotide se-

quence upstream from the AUG initiation codon, no poten-
tial "TATA" box is discernible; in other H2B histone genes
that have been analyzed, the TATA region is 65-90 nucleo-
tides 5' to the AUG. Also, as shown in Figs. 2 and 3a, no

stop codon was detected within 39 nucleotides of the compa-
rable position in other H2B genes (6). Perhaps the most con-
vincing evidence that the H2B gene from pFF435D is a pseu-
dogene is nucleotide aberrations in the protein coding se-

quences. A nucleotide substitution (a C -- G transversion)

results in a replacement of serine 55 by tryptophan-an ami-
no acid not present in histones. We have also observed a

nucleotide deletion in the protein coding sequence at amino
acid 92 (arginine) resulting in a frame shift (Fig. 3b). For
comparison, the nucleotide sequences corresponding to ami-
no acids 1-58 and 63-125 of the human H2B histone gene
from XHHG39 are shown in Fig. 2. No anomalies have been
found in this latter H2B gene.
We extended our nucleotide sequence analysis to the re-

gion of H2A gene present in pFF435D. The nucleotide se-

quence that codes for the amino terminus of this H2A pro-
tein and a comparison with the nucleotide sequence of chick-
en [XCH-01 (18)] and the protein sequences of calf, trout,
and the sea urchin, P. miliaris (22) are shown in Fig. 4. In
spite of the frequent third-base substitutions between the
H2A gene in pFF435D and that in XCH-01, the polypeptide
sequence is completely conserved, except for amino acids
11-14, which are absent in pFF435D. As shown in Fig. 4,
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20
I met (1)

CGGTCTCGGTCTTGG6TCTGGCC pFF435D 1 ATG CCC(Pro) GAG(6lu) CCT(Pro) GC AAG(Lys) TTC Phe GCG(Ala)
XHHG-392 T A G A C Ser T
ACH-02 3 T B C C Ser A
ACH-05 4 B T C Ser

Yeast(S.cerviclae) 5 T T(Ser) GCT (Ala) AA(Lys) C G A(Glu) MG Lys AA(Lys)
P.millaris h22 6 G T(Ala) CA Pro) A A(Thr) T C A(Gln) TT(Val)

(10)
Pro Ala Lys Lys Gly

1 CCG GCT CCC(Pro) MG MB GGC
2 C G T
3 C C
4 C C G
5 A C T (Ser) A--
6 - T A

GCC CAG(Gln) MG(Lys) MG(Lys)
G

A
A

GCT(A1a) A
CT (Pro) CG(Arg) CCC(Pro)

TCC(Ser) MG(Lys) AAA(Lys) GCC(Ala) GTC(Val)
G G
G G

T G B
G (Ala) CCA(Pro) GCT(Ala) M(Glu) MG(Lys)

G A

(25)
GAC(Asp) GGC(Gly) MG(Lys)

G (Gly) A (Asp)
G(ly A (Asp)

ACT(Thr) TCC (Ser) ACT Thr TC (Ser CT(Thr)
GC(Ser) GT Gly

(20)

ACC(Thr) MA(Lys)
B (Ser) G

G
G

M(Lys) CC (Pro)
G

MG(Lys) CGC(Arg)

G T(Asp) G T(Sly)
A G(Arg) CAT(His)

(30)
Lys Arg Ser

1 MAA CGC AGC
2
3 MB(Lys)
4 MB(Lys)
5 AAM(Lys A

6 6 (Arg A -

(40)
Arg Lys Glu (Tyr) Tyr
CGC AAG GAG AGC(Ser) TAC TCC(Ser) ATC(Ile) TAC GTG(Val)

G A(Val)

AAM(Lys) GCT(Ala) A
AG

G
G

A CA(Thr) T
GT(Gly)

CT(Ser) A T(Ile)
C(Ile)

Tyr Lys Val Leu Lys
1 TAC MG GTC CTG MG CGS Arg GTC(Val)
2 A G A A Gln
3 G A Gln G
4 G A Gln
5 A T T A M Gln) ACT(Thr)
6 A C A A Gln) T

2
3
4
5
6

(60)
Met

GCC(Ala) ATG GGC(Gly)
G

T (Ser) TCT(Ser)
A A (Thr)

(50)
His (Pro) Asp Thr Gly
CAC CCC GAC ACC GGC ATC(Ile) :TGG(Trp) TGC Cys MG(Lys)

CC(Ser)| CT Ser A
C Ser C Ser
C Ser C Ser

T T T T 'CC(Ser CM Gln
T T T GTC(Val) CC(Ser A Ser CG (Arg)

(70)
Ile Asn Ser Phe Asn Asp Ile Phe Glu Arg Ile
ATC ATG(Met) MC TCC TTC CTC (Leu) AAC SAC ATC TTC ------- ---

T T (Val GAG CGC ATC
G G (Val
G G (Val

T (Leu) T G T(Val) T T A A A
AG T G (Val) T G G

(80)
Ala Glu Ala Ser Leu

1 --- ------- ------ -_ ------- CTG
2 GCC GGC(6ly) GAG GCT TCC CGC(Arg) T
3 G G
4 G G
5 A T(Thr) A T AAA(Lys) T
6 A C T C

(90) .__
Thr Ser;Arg GGlu Gln Thr Ala

1 ACG TCCCB(*): BGA ATC(Ile) CAB AC6 GCC
2 C TIA G B Val)
3 G' G5
4 GS G A
5 T T G TiA A' A T A C 1
6 GC AT: C T C

Tyr Asn Lys Ser Thr Ile
ACA(Thr) CAC(Hls) TAC MC MG CGC(Arg) TCC ACC ATC
G G(Ala T G
G G(Ala G
G G(Ala G
G T(Ala GCG(Ala) T MG(Lys) T T

C G(Gln) A MG(Lys) A

(100)
afi Arg Leu Leu Leu Pro Gly
C GCG Ala CGC CTG CTG CTG CCC GGC

T Val G
T Val G
T Val G

T TT Val AA T AC TA A T
TC Val C A T C A

Glu Leu Ala Lys
GAG CTB GCC MG

A T T
A

(110) (120)
His Ala Ser Glu Gly Thr Lys Ala Val Thr Lys Tyr Thr Ser Lys

1 CAC GCC CTG Leu TCC GAG GGC ACC MG GCG GTC ACC AAG TAC GCC AGC TCC (Ser) AAG
2 T 6 Val A C T A TT(Lys)
3 G G Val A

4 G G Val G A
5 T T G C Val T A T T GA(AriT T T T TC T CT
6 T G Val AG T A G G A A T C

CM(Gln) GCA(Ala)

rft~~~~~~oR~~~90
CTGTTCCTGCC G---------------75 bases-- % TCTTTTCAG66CCACrAACUCCTTAGTGAAATAGCT

,TMI, A CAAAGBCTCTTTTCABGCCACT
.TA6 --------------------------- 24 bases----A CMACTCTMCABABCCACCA TGTTCTAAAABBGCTBT
|TM '--------------------------- 32 bases- AC CAAABCTCTMTTCAGAGCCACC'CCCACCTTGCCAGAGAAAMABC
ITMAA BMATCACTTC
ITAG ----------------------------- 29 bases-----TGAMCGGCCCTMCqACCS tACATCCAAGAAAGAATTGTGT

mRNA terminus

FIG. 2. Nucleotide sequence of
the human H2B histone pseudogene.
Shown for comparison are nucleotide
sequences of another human H2B
histone gene (from pTN521), two
H2B genes from chicken (XCH-02
and XCH-05), an H2B type 2 gene
from S. cerevisiae, and the sea urchin
H2B gene from P. miliaris h22. The
consensus sequence immediately pre-
ceding the mRNA terminus of the H2B
genes is boxed; the limits of the hy-
phenated dyad symmetry are indicat-
ed by arrows.
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FIG. 3 (a) Autoradiograph of a portion of sequencing gel show-
ing the nucleotides complementary to those coding for the final ami-
no acids of the H2B histone protein. The last amino acid, which is
lysine (triplet AAG), corresponds to the CTT immediately above the
arrow. The arrow indicates the expected position of the stop codon
that is absent from the sequence. (b) Autoradiograph showing the
sequence obtained from the complementary strand corresponding to
amino acids 86-96. The arrow indicates the position of a deleted
cytosine that, on the complementary strand, would complete the co-
don for arginine (CGG).

these amino acids (Arg-Ala-Lys-Ala) are highly conserved in
calf thymus, human spleen, trout, and P. miliaris (22). It is
tempting to speculate that the absence of these four highly
conserved amino acids may adversely affect the functionali-
ty of the encoded H2A protein.

Although the H2B and perhaps also the H2A histone cod-
ing sequence of XHHG55 cannot produce a functional his-
tone protein, the functionality of the other histone genes in
this cluster (H3 and H4) (Fig. 1) has not been addressed.
There are two possibilities. (i) Actively transcribed histone
genes may coexist with pseudogenes. This type of arrange-
ment has been described for both the a- and 3globin gene
clusters, where pseudogenes are interspersed with function-
al members of each of these gene families (23, 24). (it) Alter-
natively, the entire histone gene cluster represented in
XHHG55 may be nonfunctional. In this regard, it is notewor-
thy that XHHG41 (2), an independent isolate analogous to
XHHG55 but lacking the H2A and H2B genes, contains H3
and H4 histone genes that, based on DNA sequence analysis
(17, 25), are apparently functional. Sequence analysis of the
H4 and H3 genes in XHHG55 should clearly distinguish be-
tween the above two possibilities.
The origin of the human histone pseudogene is unclear.

The multiple types of defects present suggest that more than
one mutational event was involved in generating this se-
quence, perhaps including recombination events with other
histone genes. Several recent reports have suggested that
pseudogenes can arise from integration of reverse transcripts
of mRNAs into the genome (26-32). It is unlikely that the
H2B histone pseudogene is the result of such a mechanism
because it lacks the flanking direct repeats characteristic of
reverse-transcribed pseudogenes. It is interesting that to
date two types of arrangements of nonfunctional histone
genes have been observed. In lower eukaryotes, sea urchin
and Drosophila, solitary members of the histone gene fam-
ily, designated orphons, are found at a frequency of 50 per
genome (33). In contrast, the human histone pseudogenes we
have identified are clustered with other human genes whose
functionality has yet to be determined. Furthermore, these
pseudogenes reside in a genomic segment organized in a
manner similar to that of other human histone gene isolates
(2).

70 60 50 40 30 20 10

'I
5' -GGTAGGCAGCGGCGTTTTCGGCGCCTTTCCGATTGCCAAGCAGGAGTTTCTCTCGGTGACTACTATCGCTGTC

Met Ser Gly
pFF435D 1 ATG TCT GGT
XCH-0l 2 G G
Calf 3
Trout 4
P. Miliaris 5

Lys Ser
- ---_ AAG TCG

Ala Lys Ala
2 GCC AAG GCC
3 Ala Lys Ala Thr
4 Ala Lys Ala Thr
5 Ala Lys Ala Ser

Arg Gly
CGT GGC

C A

Arg Ser
CGC TCG

(10)
Lys Gln Gly Gly Lys Alar-a
AAG CAA GGA GGC AAG GCC

G C G G CGC(Arg)
Arg

Thr Arg
- Ala Gly Lys

Ser Arg Ala Gly Leu Gln Phe
TCC CGC GCT GGC CTT CAG TTC

C C G G

Pro Val Gly Arg
CCG GTA GGG CGA

C G C C

(30)
Val His
GTG CAT

C

Arg Leu
CGC TTG

G C

Leu Arg Lys
CTG CGC AAA

G

Phe

(40)
Ala Glu Arg Val
GCG GAG CGA GTG

2 G
3
4
5 Asn

Gly Ala Gly Ala
GGG GCC GGC GCG

C C

Pro Val
CCC GTC

G G

(50)
Tyr
TAC

Gly Asn Tyr
GGC AAC TAC

FIG. 4. Nucleotide sequence
of the human H2A gene in the
pFF435D subclone. The amino
acids encoded by the sequence
are compared with those of chick-
en, calf, trout, and the sea urchin,
P. miliaris. Only the amino acid
substitutions are indicated. The
nucleotide sequence is also com-
pared with that of a chicken H2A
gene from XCH-01 (15).
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