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Abstract The testis-specific histone H l t  gene is known to be transcribed only in pachytene primary spermato- 
cytes during spermatogenesis. Previous studies of the rat histone H l t  gene revealed a unique promoter sequence 
element between the HI/GC box and the HI/CCAAT box. Proteins in crude nuclear extracts of rat testis bind 
specifically to this sequence element and a temporal correlation exists between the appearance of these DNA binding 
proteins and the onset of transcription. These discoveries led to a search for histone H I  t genes in other mammalian 
species. The human and monkey histone H l t  genes were amplified from genomic DNA using the polymerase chain 
reaction (PCR). The amplified genes were cloned and the genomic derived inserts were sequenced using linear PCR. 
Both proximal promoters contained the highly conserved HI /AC box, H I  /CCAAT box, and H I  /TATA box found in 
nongerminal H I  genes. Both promoters also contained the HI  IGC box and the HltlCCTAGG sequence element 
between the H I  /GC box and H I  /CCAAT box previously seen only in the H I  t promoter. Specific amplification of the 
human H I  t gene using template DNA samples from a NIGMS humanirodent somatic cell hybrid mapping panel has 
shown that the human histone HI  t gene is located on chromosome 6. 

Key words: spermatogenesis, sperm nuclear protein, DNA binding protein, chromatin, chromosomal protein, regula- 
tion of gene expression, tissue specific gene expression, testis specific histone 

"3 1994 WiIey-Liss, ~nc .  

H1 is the largest and most variable of the 
histones. A primary function of H1 appears to be 
structural. By binding to linker DNA between 
nucleosomes, it is responsible for the higher- 
order packaging of chromatin in most eukary- 
otic cells [Cole, 19871. Histone H1 has also been 
noted to be involved in the repression of tran- 
scription of some genes, possibly by the displace- 
ment of essential transcription factors [Zla- 
tanova, 19901. Vertebrates have seven known 
different subtypes of the histone H1 gene includ- 
ing histone H1" [Seyedin and Kistler, 1979; Len- 
nox, 1984; Eick et al., 1984; Doenecke and Toen- 
jes, 1986; Coles et al., 1987; Ohe et al., 1989; 
Albig et al., 19911. Cross species comparisons 
have shown that the properties of most of the 
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subtypes are conserved. The distribution of the 
subtypes on chromatin has been shown to be 
nonrandom, suggesting that they play a more 
important role than serving as passive chroma- 
tin structural elements [Breneman et al., 1993; 
Parseghian and Hamkalo, 1993; Schulze et al., 
19931. In higher eukaryotes, the number of H1 
subtypes and the amount of each subtype varies 
from tissue to  tissue and some subtypes are 
expressed in a tissue-specific manner [Lennox 
and Cohen, 1983; Maxson et al., 1983; Meistrich 
et al., 1985; Grimes, 19861. The relative amounts 
of histone subtypes H1.l and H1.2 (Hla  and 
Hlc, respectively; refer to Table I1 for H1 sub- 
type nomenclature) are high in dividing cells, 
while subtypes H1.3 and H1" (Hle and Hl", 
respectively) are higher in nondividing cells [Len- 
nox, 19841. 

Subtypes H1.3, H1.4, H1.5, and H1" which 
constitute the largest amount of histone H1 in 
somatic tissues are much less abundant in germi- 
nal cells. During spermatogenesis somatic his- 
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tone subtypes initially make up about 50% of 
the H1 histone and drop off to 1% by the late 
pachytene stage. The somatic histones are first 
replaced by H1.l and H1.2 in the spermatogo- 
nial stage where they are most abundant ac- 
counting for about 80% of H1. These two his- 
tones are then replaced by the testis-specific 
histone H l t  in the primary spermatocyte stage 
where it constitutes about 60% of the H1 comple- 
ment in late pachytene spermatocytes [Bucci et 
al., 1982; Meistrich et al., 19851. Most of the 
histone H l t  and core histones are then replaced 
with transition proteins TP1 and TP2 in the 
midspermatid stage of spermatogenesis [Grimes 
et al., 1977; Bucci, 1982; Grimes, 19861. This 
dramatic nuclear protein transition occurs at a 
time when the spermatid nucleus begins to  elon- 
gate, the chromatin undergoes an extreme de- 
gree of condensation, and the pattern of tran- 
scription changes dramatically [Meistrich et al., 
19851. 

Germinal histone H1 variants are found in 
most mammalian species and in most verte- 
brates. They are also present in other phyla 
including echinoderms [Hnilica and Johnson, 
1970; Subirana, 19701 and arthropods [&ye 
and McMaster-Kaye, 19741. Translation of rat 
histone H l t  occurs exclusively in pachytene pri- 
mary spermatocytes and it is the most abundant 
H1 variant in these meiotic cells [Grimes, 19861. 
It is presumed that the testis histone H l t  may 
be essential for the unique chromatin structure 
and for the unique transcription pattern in pri- 
mary spermatocytes; however these possibilities 
have not been adequately tested. 

Histone H l t  genes from both Sprague-Dawley 
rats and humans have been isolated and se- 
quenced [Cole et al., 1986; Grimes et al., 1990; 
Drabent et al., 19911. The two sequences are 
very similar, but they differ substantially from 
nongerminal H1 genes [Wolfe and Grimes, 19931. 
Three highly conserved sequence elements, the 
HliAC, HlICCAAT, and TATA elements, are 
found in almost all nongerminal and testis H1 
promoters (see Fig. 2) [Dalton and Wells, 1988; 
van Wijnen et al., 1988; Osley, 19911. Only his- 
tone H1" lacks the HliCCAAT element. Two of 
these, the HliAC and HliCCAAT elements, are 
specific to histone H1 promoters [Dalton and 
Wells, 1988; Gallinari et al., 19891. We have 
described a unique sequence element between 
the Hl/GC box and HliCCAAT box seen only in 
the rat and human H l t  promoters [Grimes et 
al., 1992a,b; Wolfe and Grimes, 19931. 

In this study, we extended our analysis of the 
conserved sequence elements of histone H l t  to  
other mammalian species. We applied a PCR 
procedure to  amplify and sequence both human 
and monkey histone H l t  genes. The human 
histone H l t  gene was mapped using PCR to 
amplify the gene from template DNA samples 
isolated from a humanirodent somatic cell hy- 
brid mapping panel. 

MATERIALS A N D  METHODS 
Reagents and Supplies 

All oligonucleotide primers used were ordered 
from Bio-Synthesis, Inc., Lewisville, TX. Radio- 
labeled [ Y - ~ ~ P I  ATP (6,000 Ciimmol) was pur- 
chased from New England Nuclear (Boston, MA). 
The Klenow fragment of DNA polymerase I, T4 
DNA polymerase, and T4 DNA ligase were pur- 
chased from Boehringer Mannheim. T4 RNA 
ligase and T4 polynucleotide kinase were or- 
dered from New England Biolabs. AmpliTaq 
DNA polymerase was ordered from Perkin Elmer 
Cetus. X-ray film was obtained from Eastman 
Kodak (X-OMAT XAR-5) and DuPont (Cro- 
nex 7). 

PCR Primers 

H l t  specific primers were designed, with the 
aid of the Oligo software package from National 
Biosciences, Inc., by examining conserved se- 
quences in both the rat and human H l t  genes 
[Grimes et al., 1990; Drabent et al., 19911. A 
total of nine primers were chosen for use in PCR 
amplification and sequencing. Two 20-mer prim- 
ers identical to the rat sequence, one a 5' primer 
consisting of the HliAC box (-111 to -92 as 
numbered in Fig. 1B) and the other a 3' primer 
containing the histone gene specific element that 
leads to  a stem loop structure in mature mRNA 
(AAGTGGCTCTTAAAAGAGCC), were used ini- 
tially to amplify the rat H l t  gene from genomic 
DNA. For amplification of the full length mon- 
key and human genes, the 3' primer was re- 
placed with a conserved 20-mer further down- 
stream from the dyad symmetry element (744 to 
763). Additionally, a 17-mer primer (CCGGTTC- 
CTTAAGCTT) and its complementary strand 
were both used for sequencing. The complement 
was also used for amplifying a fragment that 
extends from the HliAC box to the Hind I11 site 
near the center of the coding region. Four addi- 
tional primers were designed to complete the se- 
quencing of both strands, (GTTATGTCTGAAA- 
CCGT) and (GCGGGAGAAAGGCTAAAGGA) 
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and their complements. These primers were 
based upon the monkey and the human sequences 
at (39 to 56) and (542 to 5611, respectively. 

Amplification of Histone H1 t 

Human placental (from one individual) and 
Rhesus Monkey liver genomic DNA samples 
(both purchased from Clontech Laboratories) 
were used as templates for amplification of the 
H l t  gene. Other templates used are described in 
the Results section. The amplification was per- 
formed for 30 cycles, in 100 ~1 of solution con- 
taining 10 mM Tris-HCl (pH 8.31, 50 mM KC1, 
1.5 mM MgClz, each dNTP at 200 pM, 100 pmol 
of each primer, 1 pg of the respective genomic 
DNA, and 2.5 units of AmpliTaq DNA polymer- 
ase. The samples were heated to 94°C for 5 min 
prior to the addition of Tag polymerase. Each 
cycle of the polymerase chain reaction consisted 
of a 1 min denaturation step at 94"C, a 1 min 
annealing step at 52-56"C, and a 2 min exten- 
sion step at 72°C. The product was electropho- 
retically separated on a 1% low melting tempera- 
ture (LMT) agarose gel and the expected sized 
band was excised. DNA was recovered from the 
agarose gel using the Elutip-d (Schleicher and 
Schuell) extraction procedure [Schmitt and Co- 
hen, 19831 or by using a Spin-X (Costar) proce- 
dure. The DNA fragment was further amplified 
by running another 30 cycles using the same 
conditions as above except 100 ng of purified 
template DNA was used in the reaction. Protein 
was removed by extracting the final product 
with phenol/chloroform [ 1: 1 (vol/vol)] and then 
the DNA was ethanol precipitated. At this point, 
the amplified product was either cloned into 
pUC19 (Bethesda Research Laboratories) or se- 
quenced directly. To purify the samples for di- 
rect sequencing the amplified product was again 
electrophoresed on LMT agarose and purified as 
above. 

Cloning and Screening 

The exonuclease activity of T4 DNA polymer- 
ase (New England Biolabs) was used to remove 
any 3' overhangs created by Tag polymerase 
[Clark, 19881. Next, the PCR fragments were 
phosphorylated using T4 polynucleotide kinase 
and ATP. The amplified fragments were either 
ligated to BamH I linkers and then inserted into 
the BamH I site of pUC19 or blunt-end ligated 
into the Sma I site of pUC19. Competent Esch- 
erichia coli host strain JM83 was transformed 
with the ligated DNA. All white colonies poten- 

tially containing the recombinant plasmid were 
single colony isolated and grown in 5 mL L- 
broth cultures. Plasmids from these cultures 
were harvested using a mini-plasmid procedure 
[Birnboim and Doly, 19791. Recombinant plas- 
mids were identified by slot blotting on nitrocel- 
lulose (Schleicher and Schuell) [Meinkoth and 
Wahl, 19841 probing with a 30-mer [ Y - ~ ~ P ]  ATP 
end-labeled oligonucleotide (-92 to - 63) from 
the rat H l t  proximal promoter [Grimes et al., 
19901. All positive recombinant plasmids were 
harvested from large scale cultures using alka- 
line lysis [Birnboim, 19831. Plasmid DNA was 
purified on CsCl gradients containing ethidium 
bromide by centrifugation at 60,000 rpm for 4.5 
h in a Beckman VTi65.2 vertical rotor. The 
supercoiled plasmid DNA was extracted with 
butanol to  remove ethidium bromide, dialyzed 
against 10 mM Tris-HC1 (pH 8.01, 1 mM EDTA, 
and quantified by reading AZG0 [Grimes et al., 
19901. 

Nucleotide Sequence Analysis 

Cycle sequencing was conducted using a double 
stranded linear PCR method with the fmolm kit 
developed by Promega. Approximately 10 pmol 
of each of the primers described above were 
end-labeled with [ Y - ~ ~ P ]  ATP using 10 units of 
T4 polynucleotide kinase. Either 1 Fg of plasmid 
DNA or 20 ng of amplified fragment were se- 
quenced using PCR based upon the dideoxy 
chain termination protocol and using reagents 
provided in the fmola kit. The reaction was 
stopped with 4 pl of 95% formamide, 20 mM 
EDTA, 0.05% Bromophenol Blue, and 0.05% 
Xylene Cyanole solution. DNA fragments were 
separated by electrophoresis on a 6% polyacryl- 
amide gel, containing 7 M urea and detected by 
autoradiography. The nucleotide sequences of 
both strands of the human and monkey histone 
H l t  genes were determined by this method. 
Sequence data was analyzed with the IBI Pus- 
tell sequence analysis software package and with 
software available through Intelligenetics, Inc. 

Chromosome Mapping 

A National Institute of General Medical Sci- 
ences (NIGMS) humadrodent somatic cell hy- 
brid mapping panel was used to  map the human 
histone H l t  gene. The panel consists of DNA 
samples isolated from 24 Humanlrodent fusion 
cell lines. The rodent cell lines were derived 
from either mouse or Chinese hamster. Human 
cell line IMR91 was used as a positive control 



222 Koppel et al. 

and mouse line 3T6 and Chinese hamster line 
MK88 were used as negative controls. All but 
two of the cell lines had retained only one hu- 
man chromosome. Using human histone H l t  
specific primers, (- 111 to -92) for the 5’ primer 
and (542 to 561) for the 3’ primer, 1 p-g of DNA 
from each sample was amplified by 30 cycles of 
PCR. The products were then fractionated on a 
1% agarose gel stained with ethidium bromide 
(see Fig. 3). The DNA was blotted to a nylon 
membrane and probed with a 57 bp histone H l t  
specific labeled probe (-89 to -33; see Fig. 2). 
To ensure that the amplified band was Hl t ,  the 
remainder of the produce of interest was electro- 
phoresed, excised, purified, and directly se- 
quenced as explained above. 

RESULTS 
Cloning and Sequencing the H I  t Gene 

An initial experiment was conducted to deter- 
mine whether the H l t  gene could be success- 
fully PCR amplified from genomic DNA. Two 
oligonucleotide primers used were designed 
based upon the known rat H l t  gene sequence 
[Grimes et al., 19901; one was identical to  the rat 
HliAC box and the other was complementary to 
the 3’ stem loop. PCR amplification of rat ge- 
nomic DNA was conducted using these primers, 
the amplified DNA fragment was purified and 
cloned, and three different plasmid clones were 
sequenced. No discrepancies were found in com- 
paring the coding region to the published rat 
sequence. 

From a comparison of the published human 
and rat sequences, we designed new primers 
suitable for amplification of human and Rhesus 
monkey H l t  genes from genomic DNA. Two 
new 3‘ primers were used for amplification as 
discussed in the Materials and Methods section. 
Purified DNA fragments from four independent 
PCR amplifications of monkey genomic DNA 
were cloned into the Sma I site of pUC19 and 
the plasmid clones were screened. Two types of 
plasmid clones were isolated depending upon 
the 3’ primer used. One contained monkey DNA 
extending from the Hl/AC box to the Hind I11 
site within the coding region (Fig. 1A) and the 
other contained the full gene. In parallel experi- 
ments, four clones of the full length human 
histone H l t  gene were isolated. 

Plasmids containing the human and monkey 
histone H l t  gene were sequenced using the se- 
quencing strategy shown in Figure 1A. The 
cloned sequences of the human H l t  gene (Fig. 

1C) conflicted with the published sequence of 
the human H l t  gene in three positions. Direct 
sequencing of the genomic DNA was used to 
verify that the discrepancies were not from PCR 
error. The first difference was in the leader 
region immediately following the TATA box. 
The sequence of the human gene cloned in our 
laboratory contained an additional G to  give the 
sequence TATATAAGGCCCC, while the previ- 
ously published sequence was TATATAAGC- 
CCC [Drabent et al., 19911. The two other muta- 
tions, transversions at site 1 and site 2 (Fig. 1C 
and Table I), were located in the coding region. 
The four clones of the human H l t  (pDK 4, 7-9) 
gave two different sequences at the two sites and 
showed three apparent allelic combinations of 
the sequences (Table I). The fourth possible 
combination is found in the sequence reported 
by Drabent et al. [19911 also shown in Table I. 
At amino acid residue 13, the triplet sequences 
in our plasmid clones were either GTA which 
codes for valine or CTA which codes for leucine. 
At amino acid residue 178, the triplet sequences 
in our plasmid clones were either AAG which 
codes for lysine or GAG which codes for gluta- 
mine. In both cases one of our variations agreed 
with the previously published sequence of Drab- 
ent et al. [19911. The variations were then con- 
firmed by direct sequencing of the Clontech 
genomic DNA where both variations were found 
represented in the genomic DNA giving rise to  
all four possible human H1 sequences. In se- 
quencing the DNA from the humadrodent hy- 
brid cell line representing human chromosome 6 
only a single sequence was derived. This se- 
quence which is identical to  the sequences in 
clones pDK7 and pDK8 is shown in Figure 1 C  
with residue 13 reading GTA and residue 178 
reading GAG. The remainder of the human his- 
tone H l t  sequences were identical. An examina- 
tion of the hydrophobicity plots of the human 
histone H l t  amino acid sequences failed to  show 
a significant effect caused by either of the two 
conservative substitutions. No differences were 
found in the sequences of four separate monkey 
H l t  gene clones. 

The total nucleotide sequence of the cloned 
monkey DNA fragment, including the PCR prim- 
ers, was 874 bp (Fig. 1B) with an open reading 
frame encoding 207 amino acids. The 834 nucleo- 
tides of the monkey sequence between the prim- 
ers are 93% homologous to the human H l t  
sequence (Fig. 1C). There are only 13 differ- 
ences in the entire 5’ promoter region, and all of 
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Fig. 1. Nucleotide sequencing strategy, partial restriction map, 
and nucleotide sequence of the Rhesus monkey and human 
testis-specific histone H1 t genes. A Nucleotide sequencing 
strategy and partial restriction map of the Rhesus monkey H1 t 
gene. Arrows indicate the actual areas and direction sequenced 
with the respective primers. The restriction enzymes marked on 
the map include N, Not I; P, Pst I; M, Mbo I; Ma, Mae 111; H, 
Hind 111; A, Ava II; and Ha, Hae I. The coding region of the 
monkey H1 t gene is marked as a black filled box. 6: Nucleotide 
sequence of the monkey H l t  gene together with the deduced 
amino acid sequence. The GenBank accession number for the 
monkey histone H l t  sequence presented in this paper is 
M97756. The sequence shown includes the primers [lowercase 
underlined regions (5) and (7)], used to  amplify the fragment 

C 
-116 

-60 

1 

50 

95 

140 

185 

230 

275 

320 

365 

.10 

.55 

500 

5.6 

590 

635 

678 

738 

during PCR. The oligonucleotide primer at (5)  is  derived from 
the rat H1 t sequence and the primer at (7) is derived from the 
human H1 t sequence (accession number M60094). Numbering 
on the left side refers to the nucleotide sequence relative to the 
transcription start site: + I .  The italics numbering on the right 
refers to the amino acid residues. Underlined conserved se- 
quence elements are 1) TATA box, 2) HlICCAGT box, 3) Hlt /  
CCTAGG element, 4) H1 /GC box, and 6) H I  3 ’  dyad symmetry 
element. C: Nucleotide sequence of the human H l t  gene 
together with the deduced amino acid sequence. The GenBank 
accession number for the human histone H l t  sequence pre- 
sented in this paper is M97755. The labels used are identical to 
those used for the monkey H1 t sequence shown in B. 
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TABLE I. Sequence Dif ferences  Within the 
Coding Region of the Human H l t  Gene* 

H l t  source Area 1 Area 2 

XEMBL3 GGT CTA GCC CAA CAG CAG 
pDK4 GGT GTA GCC CAA AAG CAG 
pDK7 GGT GTA GCC CAA CAG CAG 
pDK8 GGT GTA GCC CAA CAG GAG 
pDK9 GGT CTA GCC CAA AAG CAG 
Human genomic 

GMiNA10629 GGT GTA GCC CAA CAG CAG 
DNA GGT ETA GCC CAA ZAG CAG 

*A comparison of the nucleotide sequences of human H l t  in 
the areas where differences were found. The sequence de- 
rived from a AEMBL3 clone was published by Drabent et al. 
[19911. Plasmid clones pDK4, pDK7, pDK8, and pDK9 were 
derived from the cloning of the PCR product amplified from 
a Clontech human genomic template DNA sample. Human 
genomic DNA sequence was determined by direct sequenc- 
ing of the Clontech DNA. The two nucleotides shown in Area 
1 and Area 2 of the Human Genomic DNA template indicate 
that both nucleotides were represented in equal amounts at  
that site in direct sequencing. Template DNA from cell line 
GMiNA109629 gave only the single sequence shown. The 
sequence of H l t  using this template was GGT GTA GCC in 
area one and CAA CAG CAG in area two. This was also the 
sequence of clones pDK7 and pDK8. 

TABLE 11. Cross  Reference of H1 Subtype 
Nomenclature 

A B C 

H1.5 
H1.4 
H1.3 
H1.2 
H 1 . l  
H l t  
H1° 

H 1A 
H1B 
H1C 
H1D 
H1E 
H l t  
HIo 

~ 

H l b  
H l d  
H l e  
H l c  
H l a  
H l t  
H1° 

A cross reference of three different nomenclatures used to  
refer to the different subtypes of H1 histones. Column A is 
the format used in this paper and also used by Albig et al. 
119931. Column B is a modified nomenclature used by Ohe et 
al. r19891. Column C is used by Lennox [19841 and Seyedin 
and Kistler [19791 to describe subtypes of H1 histones found 
in rats and mice separated using 2D acid-urea and SDS gel 
electrophoresis. 

these differences are located between the TATA 
element and the ATG start codon. The proximal 
promoters of the monkey, human, and rat his- 
tone H l t  genes are very similar. 

The human histone H l t  promoter contains all 
of the consensus elements that are characteris- 
tic of cell-cycle-dependent H1 genes (Fig. 2 and 
Table 11). The HlIAC box (AAACACA), which 
represents a portion of the 5'-primer used in 
PCR amplification, is located at position - 106, 

relative to the presumed transcription start point 
(Fig. 1C). This element and the TATA box are 
found in all seven histone H1 promoters (Fig. 2). 
The HliGC box (GGGGCGGGG) is located at 
-82, the HliCCAAT box (CACCAATCA) is lo- 
cated at -56, and the TATA box (TATATAA) is 
located at  -31. It is interesting that the Hl/GC 
box is present only in the H l t  and H1.l histone 
genes, both of which are expressed in testis 
germinal cells (see Table I1 for H1 subtype no- 
menclature). The testis-specific H It/ CCTAGG 
sequence element (CCTAGG) [Grimes et al., 
1992a,bl is found between the HliGC box and 
the Hl/CCAAT box at position -69 (Figs. 1B,C, 
2). This element has previously been observed 
only in the promoter regions of the human and 
rat histone H l t  genes [Grimes et al., 1990; Dra- 
bent et al., 19911. More recently, the same se- 
quence has been found in the mouse and rabbit 
histone H l t  genes (manuscript in preparation). 

The 3' untranslated regions of the H l t  genes 
are also conserved (Fig. lB,C). In addition to the 
conserved histone specific dyad symmetry ele- 
ment (708 through 722) that leads to the forma- 
tion of a stem-loop structure in mature mRNA, 
the downstream monkey sequence (723 through 
743) is identical to  the human sequence except 
in one position. The A at 739 in the monkey 
sequence is G in the human sequence. The con- 
servation actually extends through the PCR 
primer region (nucleotide 745-7631, since the 
primer hybridized successfully to the monkey 
genomic DNA. The 3' PCR primer sequence was 
based solely upon the identity of the human and 
rat sequences in the region and it needs to  be 
emphasized that we have not sequenced the 
actual monkey genomic sequence through the 
primer regions. 

Human Histone H1 t Gene Maps 
to Chromosome 6 

The chromosome location of the human his- 
tone H l t  gene was mapped by using a NIGMS 
humanirodent somatic cell hybrid mapping 
panel. In this panel, each sample was generated 
by the fusion of human cells and rodent cells 
(mouse or Chinese hamster). Ideally the cell 
lines will have lost all but one human chromo- 
some. In this panel, all but two cell lines contain 
only one human chromosome. Genomic DNA 
from the human cell line IMR91, included with 
the panel, was used as a positive control, and 
DNA samples from mouse cell line 3T6 and 
Chinese hamster cell line RJK88 were used as 
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CAAACACAATTTGGGACTCCAACGCGAGCGCGGCGGCCAGAGCGCGGTCGATTGGACGCTCCACCAATCACAGCGCAGCGCCGGCTTATATAA HI 5 

CAAACACAACTCGGGATCCGAGAGGACACTCTGCGGCTGCCAGCGAGGCGGGCTGGACAGCGCACCAATCACGGCGCACGTCCGCCCTATATAAA H1 4 

CAAACACAGCAGCGCGGTAGATACGAGGACTCCTTTTCCAGCAGCGCCGCGCATCGAGCAAGGAACCAATCATCACTCAGCGTCTCTCTATATAAA H1 3 

CAAACACAACTTGGGAGCAGGCAGCGGCTCAGAGCCTGCCAGCCAGGCGGGCGACCAGAGCACCAATCAGAGCGCGCCTGCGCTCTATATATA H1 2 

GAAACACATCGGCAGCGCGCAGGGCGCCGAGGGGCGGGACTGAC~ACCAATCAC~GCAGTCCCACCCTATAAATA H1 1 
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Fig. 2. Promoter regions of seven known human histone H I  
genes. Nucleotide sequences of the seven known human his- 
tone H I  promoters are compared. The conserved sequence 
elements are underlined and numbered. All of the promoters 
except H1" show a high degree of conservation in the region 
extending from the H1 iCCAAT box (4) through the TATA box 
(5). The HI" promoter is similar to the histone H 5  gene found in 
species with nucleated erythrocytes [Doenecke and Toenjes, 
19861. Of particular interest is the unique nucleotide sequence 

negative controls. The genomic DNA templates 
were each PCR amplified using primers and 
amplification conditions found to be specific for 
human histone Hlt .  The resultant DNA was 
then separated on a 0.7% agarose gel and visual- 
ized (Fig. 3A). Only amplified DNA samples 
from the human control and from the hybrid 
containing chromosome 6 were abundant and of 
the correct size. Minor nonspecific amplified 
bands of various sizes were seen with most of 
the other samples. 

To confirm that the amplified band from the 
hybrid template containing chromosome 6 was 
Hl t ,  the DNA was transferred from the agarose 
gel to  a nylon membrane. The membrane was 
then probed with a histone H l t  specific 57 bp 
probe (see Fig. 2 for the probe sequence). Auto- 
radiography, shown in Figure 3B, revealed that 
only the DNA products in the human control 
lanes and in the lane containing hybrid sample 
number 6 hybridized to  the probe. To further 
ensure that this band was indeed histone Hl t ,  
the remainder of the amplified product was puri- 
fied and sequenced directly. The sequence was 
identical to that found for human Hlt .  This 
evidence demonstrates that human histone H l t  
is located on chromosome 6. 

Comparison of Histone H1 Amino 
Acid Sequences 

An alignment of the human, monkey, and rat 
histone H l t  amino acid sequence [Cole et al., 
1986; Grimes et al., 19901 is displayed in Figure 

of the human H l t  gene between the H I I A C  box (1) and 
H1 iCCAAT box designated the H1 tiCCTACG element ( 3 ) .  The 
H1 ICC box (2) is present only in the H I  .I (H1 a, see Table II for 
nomenclature of H1 subtypes) and H l t  genes. Below the pro- 
moter list, a 57 bp probe derived from rat histone H1 t gene is 
shown [Cole et al., 1986; Grimes et al., 19901. This probe was 
used in the Southern blot analysis for mapping of the human 
histone H1 t gene (Fig. 3). 

4. The figure shows that there is a high degree of 
conservation in amino acid sequence of histone 
H l t  from different mammalian species. This is 
in contrast to the high degree of variability 
between the seven subtypes of H1 which have a 
lower degree of conservation than the core his- 
tones (Fig. 5). For example, the amino acid resi- 
dues of human and monkey H l t  are identical in 
88% of the positions. The rat H l t  sequence 
compared to the human and monkey sequences 
shows a 61% and 64% homology, respectively. In 
comparing the three protein domains of the 
testis-specific H l t  gene (amino acids 1-37, 38- 
112, 113-207 in Fig. 41, the central domain is 
the most highly conserved with the monkey and 
the human sequences being 97% homologous. 
The N-terminal domains of the human and mon- 
key are 78% homologous and the C-terminal 
domains are 86% homologous. Hydrophobicity 
plots of the human and monkey H l t  histones 
were indistinguishable and the plot of the rat 
H l t  histone was very similar to the human and 
monkey H l t  plots. 

In contrast, there was only a 47-49% homol- 
ogy of amino acid sequence found in comparing 
other human H1 proteins with the human H l t  
(Fig. 5). There is only a 46% homology between 
the rat histone H l t  amino acid sequence and the 
mouse H1 (MH143-H1) sequence Bang et al., 
19871. Furthermore, the rat testis histone H l t  
sequence and the nontestis rat Hld sequences 
are less than 50% homologous [Cole et al., 1990; 
Wells and Brown, 19911. 
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Fig. 3. Southern blot analysis of PCR products amplified from 
DNA templates derived from a NlCMS humadrodent somatic 
cell hybrid mapping panel. A: PCR amplified products of the 
NlCMS mapping panel were separated by electrophoresis on a 
0.7% agarose gel. Parental cell lines from mouse (3T6), M; 
Chinese hamster (RJK88), Ch; and human (IMR91), H were the 
sources of template DNA for products run in lanes 1 through 3 
in both upper and lower gels. In lanes 4 to  15 the humadrodent 
hybrids containing the individual human chromosomes are 
marked as 1 through 12 on the upper gel and 13 through Y on 
the lower gel. The primary band in the human lane i s  672 bp. 
Neither the mouse nor the hamster samples have a band of this 
correct size. In the hybrid lanes there are some non-specific 
amplified bands but only chromosome 6 shows the H I  t specific 
672 bp band. B: The electrophoresed samples were transferred 
to a nylon membrane and probed with a 57 bp histone H l t  
specific probe (Fig. 2). The membrane was then exposed to 
X-ray film. The lane markings are the same as in the gel shown 
in A. Autoradiography shows that only the specific band in the 
human parental control lanes and the band in the hybrid cell 
line containing chromosome 6 bind to the histone H I  t specific 
probe. 

DISCUSSION 

Currently, there are seven known subtypes of 
human histone H1 genes. Five of these are pre- 
sumably cell cycle regulated histone H1 genes 
designated H1.l, H1.2, H1.3, H1.4, and H1.5 
[Carozzi et al., 1984; Eick et al., 1984; Doenecke 
and Toenjes, 1986; Ohe et al., 1989; Albig et al., 
1991; Drabent et al., 19911. The sixth is the 
basally expressed H1" gene that is strikingly 
homologous to the histone H5 gene expressed in 
nucleated erythrocyte [Doenecke and Toenjes, 

19861. The seventh is the testis-specific histone 
H l t  gene which is the focus of this paper. 

In this study we used PCR to amplify and 
sequence primate (human and monkey) histone 
H l t  genes. The human histone H l t  gene se- 
quence presented in this paper is identical to the 
previously published human histone H l t  se- 
quence [Drabent et al., 19911, except for three 
nucleotide differences. The first difference is an 
additional G in the H l t  promoter sequence after 
the TATA box in all of our clones and in direct 
sequencing. The other differences are transver- 
sions at  two sites within the coding region. Two 
possible sequence variations at the two sites 
make possible four sequences for the coding 
region. Three of these appear in our human H l t  
clone data shown in Table I. The fourth has 
been published by Drabent et al. [19911 and is 
also shown in Table I as the XEMBL clone. 

The presence of three apparent allelic vari- 
ants in our cloning from a single DNA source 
has at  least three possible explanations. As the 
source was placental DNA, it is assumed that 
the DNA of the conceptus was contaminated 
with maternal decidua. The paternal contribu- 
tion to the DNA source was then haploid, and 
the maternal diploid, as it included some of her 
somatic cells. Alternatively, there is an unlikely 
possibility that sequence variations could arise 
during the process of cloning. Potentially, pater- 
nal-maternal hybrid molecules of the two differ- 
ent DNA strands could be formed during PCR 
amplification. Following cloning and transfec- 
tion into E. coli, DNA repair mechanisms may 
generate the transversions seen in Table I result- 
ing in the additional sequences. This explana- 
tion seems unlikely due to the nonrandom na- 
ture of the mutations. Third, the differences 
might arise if H l t  is a multi-copy gene, but the 
H l t  gene has been reported to be single-copy 
gene [Cole et al., 19861. It should be mentioned 
that the humanirodent fusion cell line GMi 
NA10629 used for mapping apparently has only 
one sequence of histone H l t  gene represented 
on chromosome 6. Along these same lines, it is 
interesting that we have found only one se- 
quence for the monkey histone H l t  gene. The 
monkey H l t  gene is remarkably similar to the 
human and rat histone H l t  genes being more 
closely related to the human sequence. 

The two amino acid differences in our H l t  
sequence compared to the published H l t  se- 
quence lie outside of the highly conserved cen- 
tral domain of the H l t  (Figs. lC, 4, 5). The 
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Fig. 4. A comparison of amino acid sequences of human, 
monkey, and rat histone Hlt.  The human H l t  amino acid 
sequence is compared with the Rhesus monkey sequence, and 
Sprague-Dawley rat sequence respectively [Cole et al., 19861. 
The top line is the human H1 t sequence. The residues at the two 
sites where variations of amino acid sequences occurred in the 
human sequence are underlined (also see Table I). Arrows 

indicate the domain boundaries; amino acids 1-37, 38-112, 
and 113-207. For the other amino acids a colon signifies 
identity to  the human sequence, whereas hyphens define gaps 
in each sequence necessary for sequence alignment. Numbers 
shown above and to  the right refer to  a general reference frame 
and the parentheses that follow each sequence indicate the 
protein's presumed length. 

crystal structure of the central globular domain 
of histone H5, which is homologous to mamma- 
lian histone Hl", is strikingly similar to the 
DNA-binding domain of the catabolite gene acti- 
vator protein CAP, providing a possible model 
for the binding of the globular domain to DNA 
[Ramakrishnan et al., 19931. Therefore, it is 
relevant that the globular domain of the mam- 
malian H1" is homologous to the globular do- 
mains of the other 6 human H1 histones includ- 
ing H l t  (Fig. 5) implicating a possible similarity 
in DNA binding to this region. 

Within the coding region, there is a much 
higher degree of conservation of encoded amino 
acids among the monkey, human, and rat H l t  
genes than there is among the seven different 
variants of H1 genes within any one species 
such as human. Furthermore, in comparing both 
the 5' and 3' noncoding regions of the H l t  
genes, we find that the human and monkey 
genes have all of the highly conserved sequence 
elements. These primate histone H l t  genes also 
have a unique promoter element that has been 
found only in testis specific variants of the H l t  
gene. The data presented in this paper further 
support the hypothesis that the Hlt/CCTAGG 
sequence within the histone H l t  promoter is an 
essential sequence element that is possibly in- 
volved in regulating testis-specific transcription 
of the gene. 

Previous studies indicated that there is high 
affinity testis-specific binding of nuclear pro- 
teins to the HltlCCTAGG sequence element 
based upon competition assays using homolo- 
gous and heterologous competitor DNA samples 
[Grimes et al., 1992a,bl. This binding protein 
potentially represents a tissue-specific transcrip- 
tion factor that positively regulates histone H l t  
expression in the testis [Grimes et al., 1992a,bl. 
Testis-specific factors must regulate transcrip- 
tion of many genes in pachytene primary sper- 
matocytes and early spermatids. It is interesting 
that the appearance of this binding protein par- 
allels the expression of the SRY gene in pachy- 
tene primary spermatocytes [Palmer et al., 1989; 
Su and Lau, 19931. The SRY gene appears to be 
responsible for initiating testis determination 
and differentiation in man [Palmer et al., 1989; 
Su and Lau, 19931. However, the SRY gene 
product is 23.9 kDa and the testis-specific H l t /  
CCTAGG binding factor appears to be about 
70-80 kDa [wolfe and Grimes, 19931. The ap- 
pearance of the Hlt/CCTAGG binding activity 
also parallels the appearance of an acidic, his- 
tone binding protein designated nuclear autoan- 
tigenic sperm protein (NASP) [Lee and O'Rand, 
19931 proposed to play a role in regulating some 
events in spermatogenesis. NASP mRNA is pre- 
sent only in primary spermatocytes reflecting 
the measured steady state level of H l t  mRNA 
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Fig. 5. Aligned amino acid sequences of the known human HI  
histones. Amino acid sequences of the known human H1 
histones are aligned. The H1.5 is from Ohe et al. [1989], the 
H1.4 and H1.3 are from Albig et al. [1991], the H I  .1 and H1.2 
are from Eick et al. [19891, and the H1" is from Doenecke and 
Toenjes 119861. All sequences are compared to H I  .5 which is 
the largest HI. Arrows indicate the domain boundaries; amino 
acids 1-37, 38-1 12, and 113-207. In the comparison, a colon 

signifies identity to the H1.5 sequence and hyphens are used to 
define gaps necessary for sequence alignment as in Figure 4. 
Numbers shown above and to the right refer to a general 
reference frame and the parentheses that follow each sequence 
indicate the protein's presumed length. The alignment was 
performed using the Needleman-Wunsch alignment of Genalign 
5.4 by Intelligenetics. 

and the presence of the Hl/CCTAGG nuclear 
binding protein in primary spermatocytes. 

Mapping the H l t  gene was accomplished us- 
ing PCR with template DNA samples from a 
human/rodent cell fusion mapping panel. Two 
primers were designed to amplify a portion of 
the H l t  gene and thermal cycling parameters 
were optimized to  preferentially amplify the hu- 
man H l t  gene in heterologous samples contain- 
ing both human and rodent genomic DNA tem- 
plates. Results from this experiment conclusively 
demonstrate that the human histone H l t  gene 
maps to chromosome 6. To confirm that the 
product amplified from chromosome 6 was the 
histone H l t  gene, direct PCR sequencing of 

genomic DNA template from the humadrodent 
fusion cell line GMiNA10629 was used. 

The H l t  gene is located on chromosome 6, but 
it is not known exactly where the gene is located 
on the chromosome. In situ experiments should 
further define the H l t  locus in the human and 
the rat genome. Four human histone H1 gene 
loci have been identified thus far. Human his- 
tone H1 genes have been reported to  be located 
on chromosomes 1,6,7,  and 12 [Stephens, 1993; 
de Grouchy and Turleau, 19841, although a re- 
cent report suggests that all H1 genes except 
H1" are clustered on chromosome 6 [Albig et al., 
19931. Therefore, the histone H1 genes may be 
scattered, but there appears be at least two 
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separate histone H1 loci on chromosome 6. One 
of these is the H l t  locus. Along these lines, the 
mouse testis-specific histone H l t  gene is re- 
ported to be located on chromosome 13 [Owen et 
al., 19861. It is interesting to note that the 
mouse H l t  gene is linked to the bg and pe loci 
and the loci for the T-cell receptor gamma-chain 
gene (Tcrg), the prolactin gene (Prl), the Friend 
murine leukemia virus integration site 1 (Fim- 
11, the Murine Hanukuh Factor gene (Muhf/ 
Ctla-31, and the dihdrofolate reductase gene 
(Dhfr) [Holcombe et al., 19911. PrZ and Fim-1 
have been mapped to human chromosome 6. 
The location of PrZ is 6p22.2 to 6p21.3 and the 
location of Fim-1 is 61323 to 6~22.3.  These data 
imply that the H1 locus found on chomosome 6 
at 6p21 is the H l t  locus. This result agrees with 
recently published data by Albig et al. 119931, 
indicating that human H l t  histone gene maps 
to  chromosome 6 at 6p21.1 to 6~22.2.  

In summary, the comparison of the monkey 
and human gene sequences with the previously 
sequenced H l t  genes confirmed the presence of 
the unique Hlt/CCTAGG promoter element. 
Comparison of human histone H l t  to the six 
other human H1 histones reveals important 
similarities and differences within the promot- 
ers of the H1 genes and within the three major 
domains of histone H1 coding region. This analy- 
sis has revealed highly conserved and presum- 
ably important regions of the promoter and cod- 
ing region of the gene and will help direct future 
studies of regulation of expression and the func- 
tional and structural roles of the testis-specific 
histone Hl t .  
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