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A 6.86 kb rat genomic DNA fragment containing the testis-specific histone Hlt  
gene and the histone H4t gene has been sequenced. S1-nuclease protection 
analyses of total cellular RNA from rat liver and testis showed that histone Hlt  
mRNA was present only in testis. Examination of various highly enriched popula- 
tions of rat testis cell types revealed that Hlt mRNA was found exclusively in a 
fraction enriched in pachytene spermatocytes. When protein, DNA interactions 
within the proximal promoter region of the histone Hlt  gene were examined by 
electrophoretic mobility shift assays, ody minor differences were found in mobility 
shift patterns of the Hlt  promoter in assays comparing binding of nuclear proteins 
from pachytene spermatocytes and early spermatids. However, major differences 
in binding were observed upon comparing nuclear proteins from rat pachytene 
spermatocytes to liver. Comparison of binding patterns of rat testis, rat hepatoma 
H4 cells, HeLa cells, and COS-1 cells also revealed dramatic differences. Transcrip- 
tional activity of the histone Hlt promoter was examined by measuring Hlt 
promoted chloramphenicol acetyltransferase (CAT) mRNA levels in transient 
expression assays in transfected rat hepatoma H4 cells, HeLa cells, and COS-1 
cells. These assays revealed that the histone Hlt promoted CAT gene functioned 
poorly in HeLa cells and COS-1 cells compared to expression with the parent SV40 
promoted vector pSV2CAT. The Hlt promoted CAT gene apparently did not 
work at all in transfected rat hepatoma H4 cells, which is consistent with testis 
germinal cell specific expression of the histone Hlt gene. 
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Histones are small, highly conserved, basic proteins complexed with DNA in the 
eukaryotic nucleus [l]. Histone H1, which binds to linker DNA in the region between 
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nucleosomes, is responsible for the higher-order packaging of chromatin and exhibits 
the most variability in amino acid sequence of any of the histones [2,3]. Typically, there 
are special sets of histone variants synthesized during different stages of development 
[4], and there are a number of cases of tissue specific variants [5,6]. The number of 
histone H1 variants and the relative amount of each variant can differ from tissue to 
tissue, and for a given tissue can differ from one species to another. Vertebrates 
possess at least six copies of histone H1 genes [7] in addition to histone Hl”, Hlt, and 
H5 genes [3], although estimates range from six to forty copies of each histone gene in 
mammals. 

One of the first germinal histone H1 variants to be identified was the sporocyte 
specific histone H1 of lilies and tulips [S]. Sperm-specific H1 histones have been 
reported for sea cucumbers [9], sea urchins [lo], and crickets [11]. The group of 
histones detected in male germinal cells during spermatogenesis in mammals was 
identified by several laboratories based on unusual electrophoretic mobility in acetic 
acid-urea gels [12-141. The testis-specific histone Hl t  has been found in several species 
including rat, mouse, hamster, rabbit, bull, monkey, and human [15]. Histone Hlt  
appears to be synthesized only in pachytene spermatocytes and persists through 
meiosis until all the mammalian histones are replaced by spermatid transition basic 
proteins [5,16]. Therefore, we have been interested in understanding the mechanisms 
involved in the tissue-specific expression of the histone Hlt  gene. Previous reports 
described the isolation, and subcloning of the rat testis-specific histone Hlt  gene from 
a rat genomic library [17-191. 

In this paper we report sequencing the entire 6.86 kb EcoRI genomic fragment 
on which the histone Hlt  and histone H4t genes residc. We report the mature histone 
Hlt  mRNA start and stop sites experimentally determined by S1-nuclease protection 
analysis, and we demonstrate that steady-state levels of histone Hl t  mRNA are 
highest in a cellular fraction highly enriched in pachytene spermatocytes. We also 
present evidence for the specific binding of testis nuclear proteins to the histone Hlt  
gene promoter by using electrophoretic mobility shift assays. Shift assays show that 
nuclear proteins from rat hepatoma H4 cells, HeLa cells, and COS-1 cells also bind to 
the Hlt  promoter. Transient expression analyses reveal that the histone Hlt promoted 
chloramphenicol acetyltransferase (CAT) gene in the mammalian expression vector 
pSV2CAT-Hlt functions poorly in HeLa cells and COS-1 cells and not at all in H4 
hepatoma cells compared to expression with the parent SV40 promoted vector 
pSV2CAT. 

MATERIALS AND METHODS 
Reagents and Supplies 

The radiolabeled compounds [cx3*P]-dCTP(3,000 Ciimmole) and [a”P]-dATP(600 
Ci/mmole) were purchased from New England Nuclear. [y3’P]-ATP(4OO0 Ci/mmole) 
was ordered from ICN. X-ray film was obtained from Eastman Kodak (XOMAT 
X A R - 5 )  and DUPONT (CRONEX 7). The pUC18 and pUC19 plasmids and the 
corresponding replicative form of M13mp18 and M13mp19 bacteriophage DNA were 
ordered from Bethesda Research Laboratories. The Klenow fragment of DNA 
polymerase I, T4 DNA ligase, S1-nuclease, and calf alkaline phosphatase were 
purchased from Boehringer Mannheim Biochemicals. Polynucleotide kinase, T4 
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DNA polymerase, and Exonuclease I11 were ordered from New England Biolabs. 
Restriction endonucleases were obtained from Bethesda Research Laboratories, 
Boehringer Mannheim Biochemicals, IBI, and New England Biolabs. 

Animals and Tissues 
Male Sprague-Dawley rats were obtained from Harlan Sprague-Dawley, (Madi- 

son, WI) and maintained in a facility fully accredited by AAALAC. All tissues used in 
these experiments were obtained from animals weighing 250-300 g. Enriched popula- 
tions of rat testis germinal cell types were prepared by centrifugal elutriation as 
described [20], with fractions enriched in pachytene spermatocytes and early sperma- 
tids being 80% and 70% pure, respectively. 

Cell Culture and Transfections 
Rat H4 hepatoma cells (H-4-11-E), HeLa cells, and COS-1 cells obtained from 

the American Type Culture Collection were grown exponentially in minimal essential 
medium (Eagle) supplemented with 10% fetal bovine serum. 

The mammalian expression vector pSV2CAT, obtained from the American 
Type Culture Collection, and other plasmids were used to transfect cells using calcium 
phosphate [21]. DNA coprecipitates were left on the cells 16 h before a 3 min glycerol 
shock. Following the glycerol shock, fresh culture medium was added and the cells 
were allowed to grow for an additional 48 h. Total cellular RNA was isolated for 
Northern blots and Hirt extractions were conducted to confirm the presence of the 
plasmids [22]. 

Isolation, Subcloning, and Analysis of DNA 
Preparation of plasmid DNA and procedures used for electrophoresis of DNA 

restriction fragments and the Southern blotting technique have been described 
[ 18,191. Probes for these experiments were labeled by oligodeoxynucleotide-primed 
DNA synthesis using a lut from Pharmacia with [d2P]-dCIT 1191. Hybridization to 
labeled DNA probes in Southern blot and Northern blot experiments was conducted 
in 50% formamide solution containing 5 xSSC (0.75 M NaCI, 0.075 M sodium citrate, 
pH 7.4), 5 xDenhardt’s (-BSA), 0.1% SDS, and 0.25 m g h l  Escherichiu coli or 
salmon sperm DNA at 49°C as described [ 181. DNA fragments produced by restriction 
digestion were electrophoretically separated on low melting agarose gels (FMC 
BioProducts) and gel slices containing appropriate DNA fragments were melted and 
ligated to vector DNA using “in-gel” ligations [23]. Small amounts of plasmid DNA 
were isolated essentially by the protocol of Bimboim and Doly [24]. Large scale 
plasmid preparations were harvested using alkaline lysis (251 followed by purification 
on CsCl gradients by centrifugation at 65,000 rpm for 4 h in a Beckman VTi65.2 
vertical rotor. The recombinant plasmid pSV2CAT-Hlt containing the histone Hlt 
promoter fused to the chloramphenicol acetyltransferase (CAT) gene was constructed 
as described in the text and in the legend to Figure 6. 

Sequence Analysis of DNA 
Three DNA fragments from the 6.86 kb EcoRI genomic fragment were sub- 

cloned for sequence analysis. The first was a 2.77 kb EcoRI-Hind111 fragment, the 
second was a 1.87 kb HindIII-Hind111 fragment, and the third was a 2.23 kb KpnI- 
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EcoRI fragment. Each fragment was subcloned into the plasmid vector pUC18 or 
pUC19 for amplfication, and the subclones were linearized with an appropriate 
restriction enzyme and digested with Exonuclease I11 to produce nested deletions [26]. 
Shortened DNA fragments were released from the vectors with appropriate restric- 
tion enzymes and ligated into bacteriophage M13mp18 or M13mp19. E. coli host 
strain JMlOl was transfected by M13 recombinants as described previously [ 181. The 
chain termination method was used to analyze the DNA fragments [18] using cloned 
T7 DNA Polymerase (Sequenase), available in a kit from the United States Biochem- 
ical Corporation. Some DNA fragments were sequenced directly in pUC18 and 
pUC19 using the Universal and reverse primers from New England Biolabs [27]. 
Autoradiograms were prepared using Dupont CRONEX 7 film without an intensifj- 
ing screen and analyzed with the aid of an IBI Gel Reader and the IBIPustell DNA 
Sequence Analysis System on an IBM-PSI2 Model 60 microcomputer. Further analy- 
ses were done using the BIONET resource of IntelliGenetics, Inc. (Mountain View, 
CA). 

Isolation and Analysis of RNA 
Total cellular RNA samples from rat tissues, from enriched rat testis germinal 

cell types, and from normal cell culture or transfected cells were isolated and 
quantitated as described previously [ 181. Electrophoretic analyses of total cellular 
RNA and Northern blot analyses were conducted to determine levels of histone Hlt  
mRNA in various cell types [ 181 and S1-nuclease protection analyses were performed 
[18] to find the positions of the 5' and 3' ends of the mature mRNAs on the histone 
Hlt  gene. In these experiments DNA probes were dephosphorylated and 5'-end- 
labeled with [Y~~PI-ATP using polynucleotide kinase [MI. DNA fragments were 3' 
end-labeled by filling recessed ends utilizing T4 DNA polymerase with appropriate 
labeled and unlabeled deoxynucleotide triphosphates [ 191. 

Nuclear Extracts 
Nuclear extracts were prepared from crude rat liver nuclei, from crude rat testis 

nuclei, and from crude nuclei from enriched rat testis germinal cell types as described 
[28]. All buffer solutions for extraction contained 0.5 mM phenylmethylsulfonyl 
fluoride (PMSF), and 5 pg/ml of each of the following four protease inhibitors: 
pepstatin, leupeptin, chymostatin, and antipain. 

Nuclear extracts were also prepared from exponentially growing rat hepatoma 
H4 cells, HeLa cells, and COS-1 cells as described 1291. All the pelleted nuclear 
extracts were resuspended in storage buffer, dialyzed against storage buffer for 5 h, 
and stored at -70°C. 

Electrophoretic Mobility Shift Assay 
Electrophoretic mobility shift assays (gel retardation assays) were performed 

essentially as described [30]. Approximately 2 ng of labeled DNA, 1 pg of poly(d1- 
dC) . poly(d1-dC), and 1-15 pg of nuclear proteins were mixed in binding buffer 
containing 12 mM Hepes-NaOH, pH 7.9,12% glycerol, 60 mM KCl, 4 mM Tris-HC1, 
0.6 mM EDTA, and 0.6 mM D'IT in a final volume of 20 PI. Samples were incubated 
for 30 min at 4°C and electrophoresed on 4% polyacrylamide gels (80:l acrylamide: 
bisacrylamide) using low ionic strength buffer containing 6 mM Tris-HC1, pH 7.9,3.3 
mM sodium acetate, and 1 mM EDTA- 
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RESULTS 
Characterization and Sequencing of the Histone Hlt Gene 

In this study we have sequenced the 6.86 kb EcoRI rat genomic DNA fragment 
derived from a 15 kb rat genomic DNA fragment. A partial restriction map of the 6.86 
kb EcoRI fragment and the sequencing strategy are shown in Figure 1. The histone 
Hlt  and histone H4t genes reside on opposite strands of this genomic fragment 
separated by 1,300 bp of DNA. The identification of the Hl t  and H4t genes have been 
described [18,19]. The protein coding regions are indicated in Figure 1. Unusual 
elements in the 5’ upstream region of the histone Hlt  gene, in the region between the 
histone Hlt  and histone H4t genes, and in the 3’ region of the 6.86 kb fragment 
(upstream of the histone H4t gene), respectively, are also indicated in Figure 1. The 
element upstream from the Hlt  gene at nucleotide number 602 is C(A),(CA),, the 
element between the Hlt  and H4t genes at nucleotide 3759 is (TITA),,, and the 
element upstream from the H4t gene at nucleotide 6695 is (CA),(N),,(T),,GGTTC(T),. 
These elements are also listed in Table I and shown in Figure 2. 

The sequence of the entire 6.86 kb EcoRI genomic fragment containing the 
histone Hlt  and histone H4t genes is shown in Figure 2. The entire sequence is also 
available from GenBank Data Library under Accession Number M28409. The consen- 
sus sequence elements near the experimentally determined 5’ mRNA start site 
(indicated by an arrow at position 2384) are marked. The TATA-box at position 2353, 
the Hl/CCAAT-box at 2330, the GC-box (GGGCGGG) at 2305, and the Hl/AC-box 
(AAACACA) at 2282 have been described [ 171. The sequence element CTAGGGAT 
at position 2320 between the GC-box and the HliCCAAT-box is an 8 bp element 
identical to an 8 bp region within a larger promoter element which directs the testis 
specific expression of the Drosophilu P2-tubulin gene [31]. In addition, there is a 10 bp 
oligo(dA) . oligo(dT) tract between the TATA-box and the ATG start codon at 
position 2411, an element found in the promoter of many eucaryotic genes [32,33]. An 
inverse complement of the CCAAT-box (AITGG) is located at position 2422 next to 
the oligo(dA) . oligo(dT) tract. Furthermore, direct repeats of the Hl/AC-box are 

TABLE I. Summary of Conserved and Unusual Sequences Within the Promoter of the Testis-Specific 
Histone H1T Gene* 

Proximal promoter region Downstream sequences Other genomic sequences 
Position Sequence element Position Sequence element Position Sequence element 

2282 AAACACA 3109 GGCT-AAGAGCCACT- 602 CAAAA(CA),, 
TACA 

2305 GGGCGGG 3124 mRNA 3’-terminus 3759 (TITA),, 

2330 ACCAAT 
2342 GCGCC 
2353 TATATAA 
2384 mRNA cap site 
2411 
2422 A?TGG 
2453 ATG 

*The numbers indicate the positions of the sequence elements using the numbering system shown in 
Figure 2. 

2320 CTAGGGAT 6695 (CA)m,,(T)M 
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located at 604 and 5895 and 34 truncated forms of this element (AAACA) or of the 
inverse complement of this element (TGTIT) are located throughout the 6.86 kb 
fragment in the noncoding regions upstream and downstream of the Hl t  and H4t 
genes. Some of these findings are marked in Figure 2 and summarized in Table I. 

Genomic blots of DNA samples isolated from the livers of a male and a female 
rat indicated that an EcoRI genomic fragment approximately 7 kb in size containing 
the histone Hl t  gene was present in female as well as male rats (data not shown). 

Testis-Specific Expression of the Histone H1 t Gene 
The map site of the 3' terminus of the testis-specific histone Hlt  mRNA was 

determined by S1 nuclease protection analysis using a denatured 3'-end labeled probe 
as described in the legend to Figure 3. Data presented in Figure 3 reveal a protected 
fragment of 254 nucleotides. The site representing the terminus of this mature somatic 
histone Hlt  mRNA is located at the end of the hyphenated dyad symmetry element at 
nucleotide number 3124 as marked in Figure 2 and as indicated in Table I. Little or no 
histone Hlt  mRNA could be detected in rat liver RNA. Since control experiments on 
the same liver RNA samples reveal the presence of rat histone H4t mRNA [MI, the 
liver RNA appears to be undegraded and we would have detected Hlt  mRNA if it 
were present at a significant level. 

In an attempt to determine which testis cell types expressed the histone Hlt  
gene, we conducted Northern blot analysis of total cellular RNA from enriched 
populations of rat testis germinal cell types purified by centrifugal elutriation. The 
highest steady state level of histone Hlt  mRNA was found in the cell fraction most 
enriched in pachytene primary spermatocytes (Fig. 4A, lane 5). Pachytene spermato- 
cytes are premeiotic cells as indicated (Figure 4B). Hlt  mRNAwas not seen in the cell 
fraction most enriched in postmeiotic early spermatids, although the same quantity of 
RNA was present in each lane (Fig. 4A, lane 3, and Fig. 4B). Histone Hlt  mRNA was 
present in total rat testis RNA samples but at a much lower concentration than in the 
cell fraction enriched in pachytene spermatocytes (Fig. 4A, lane 6). 

Although the histone Hlt  gene appears to be present in female rats, we have not 
detected histone Hlt  mRNA in Northern blots or S1-analyses of total cellular RNA 
from female rat ovary, liver, or brain (data not shown). In addition, histone Hl t  protein 
is not detected in histones derived from these tissues even when assayed in Western 
blots using spechc anti-histone Hlt  polyclonal antibodies to detect histone Hlt  
(manuscript in preparation). 

Nuclear Protein Interactions with the H1 t Promoter 
Binding of nuclear proteins to DNA within the histone Hlt  promoter was 

investigated by electrophoretic mobility shift assay. Although the band designated A is 
difficult to see, at least seven bands designated A-G are produced when rat testis 
nuclear proteins are mixed with the histone Hlt  promoter (Fig. 5A). The 215 bp DNA 
fragment used in this assay was prepared by filling the Pst I-TthIII 1 fragment as 
indicated in Figure 2. This fragment includes the consensus sequence elements in the 
Hlt  proximal promoter starting at the ATG start codon. In separate experiments (data 
not shown) there was successful competition with a 100-fold excess of an identical 
unlabeled DNA fragment. Nuclear proteins from testis cell fractions enriched in both 
pachytene primary spematocytes (80%) and early spermatids (70%) produced six of 
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Fig. 1. Restriction map of the rat genomic DNA EcoRI fragment containing the rat testis specific histone 
Hlt gene and the histone H4t gene. The short tic marks represent 500 bp intervals. The restriction enzymes 
marked on the map include E, EcoRI; P, PstI; K, KpnI; V, PVUII; B, BalI; A, AvaI; H, HindIII; and S, SalI. 
The coding regions of the H1 t gene and the H4t gene are marked as large filled boxes and regions encoding 
their mature mRNAs are indicated by arrows below the coding regions. The small box near the PstI site 
upstream from the Hlt gene represents a repetitive element (CA),, the small box between the Hlt and 
H4t genes represents a repetitive element (TITA),,, and the small box near the AvaI site upstream from 
the H4t gene represents a repetitive element (CA), and a (T)18 element separated by 17 bp. The 
sequencing strategy for this DNA fragment is indicated by the small arrows at the bottom of the figure. 

the seven bands, but scans of autoradiograms revealed that the relative abundance of 
band C was greater in the cellular fraction enriched in pachytene spermatocytes (lane 
3, 8%) than in the fraction enriched in early spermatids (lane 3, 4%), while the 
abundance of band B was slightly lower in pachytene spermatocytes (lane 3,5%) when 
compared to early spermatids (lane 3,7%) (Fig. 5A). Band D appeared to be absent in 
pachytene spermatocytes and early spermatids. Further examination revealed that 
band D, only a minor band in the unfractionated testis cells (lane 3, 4%), was 
prominant in liver (lane 3,11%), a tissue type where the Hlt  gene is not expressed. On 
the other hand there appeared to be a diminished level of band C in liver (lane 3,2%) 
compared to unfractionated testis cells (lane 3,7%). 

Protein-DNA binding was also conducted with nuclear proteins derived from rat 
hepatoma H4 cells, human HeLa cells, and monkey kidney COS-1 cells. The banding 
pattern produced by rat hepatoma H4 nuclear proteins contained five of the seven 
bands (A, C, E-G, Fig. 5B) produced by nuclear proteins from testis (Fig. 5A). In 
contrast, only two major bands were produced with proteins from HeLa cell and 
COS-1 cell nuclear extracts. These bands designated C’ and E‘ exhibit daerent 
mobilities when compared to bands from H4 hepatoma nuclear extracts and testis 
nuclear extracts. Band E’ has a lower mobility than band E, while band C’ has a 
greater mobility than band C. 

H i t  Promoted-CAT Expression 
The in vitro transcriptional activity of the histone Hlt  promoter was examined by 

measuring the level of chloramphenical acetyltransferase (CAT) mRNA in transient 
expression assays using the mammalian expression vector pSV2CAT with the H1 t 
promoter fused to the CAT gene as described in the legend to Figure 6 and as shown 
in Figure 6A. The Hlt  promoter DNA used in this experiment starts at nucleotide 
2452 adjacent to the ATG start codon and extends upstream to nucleotide 2211, as 
indicated in Figure 2. 
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A 
10 20 30 40 50 60 TO 

TTCTGAGGTT CCTGCAAGAG AGCCCCUCC ITATACATTC AGTCCTCATC AGIAGTGTTG 1 1 G A T A l l ~ A  

80 90 100 I10 120 130 140 
TGTAAAACAA TAMGCCTAG A T A M l A l T G  TAACbbbATG CATUAlATTC TTGACCTTCI GATGCTTCTI 

150 160 I10 180 I90 200 210 
GGGACAAAGA ATAATCAGCA CATCTTTTGC A C A M T A T T l  AGGAACIGTC ACWAAAGCC CTAGlCGGkT 

220 230 240 250 260 210 280 
iICCTTGG1~ TCI IGARCIG AGCTCTGGTA A l A M G G A C A  AAUWGW TTCAGGACAT ATPACTCTGG 

290 300 310 320 330 310 350 
PACCTTCICC TCCACClCAA CTCCAAWTC TAGTTTATGG TTTTCACCAT TTGWATTCA AGTTTTAUTA 

360 370 380 390 400 410 420 
T A M C A I C T C  AMCATAAGT AACAAGACAA CTCACAAUCI GCATAAGGIC AAUCATGTWI CTTTGAGCAC 

430 1140 450 460 810 480 490 
AAATGCCAGC CClCCCCTCl  CATCACTGM CAGTCTCTGA 1AAUAAACGC TCTGAGTTTA TTCCTMJU\G 

500 510 520 530 540 550 560 
GAAIITTCTTG A A G A G M A U  AGGAMCAAG TAAClTCTCA T b b b A l T T C A  1TUATTT lGA ATTGCTTTAT 

570 580 590 600 610 620 630 
TAAAC1lTP.U ACATGGTTGA TCAATGTAAG TTCAAMCTC AfAAMCULA CUCACRCUCA C&CUCACICA 

640 650 660 610 €80 690 100 
CACACACACA CACACACRCA CACACACACC TGCAGTGCTU W G l T C P A l G  TAGGClCTAC CTCATACTAG 

110 120 130 140 150 160 110 
AClGGlCCTT TACTACCAAG ACTCTTCCCC AGTGTATTCT G C A l G G l T l T  TATTTGGGGA C A G l G T C l T k  

780 190 800 810 820 830 840 
TGCAGTlTAT TTACTCTATA GCTTAGGTTT GCTTTWUCT TGGATCATCT CTCAGGlAGC TAGGGTTACA 

850 860 810 880 890 900 910 
GTT TCCTGA GACATAGGTA 

920 930 940 950 960 910 980 
CCTACCCACC CTCATf i I l  TCTTTTTCTT T l T W l T  T T l U l T A G A T  A T A T l T C l T T  ACTTACATAT 

990 I000 1010 1020 1030 1040 I050 
C A M T G T T A T  TCCCTTTCCC GGTTKCTGT CCUTAAGCCC ICATCCTCTA CCLTCCCCCI CCCCTIITATG 

1060 1010 1080 1090 ll00 I l l 0  1120 
GGTATTCCCC CCATACTTCC CCCTTACCAC CACCCCCCCA GTTTTTCTTA AIAAUCPACT TTlCCTCATA 

1130 1140 1150 1160 I l l 0  1180 1190 
T T k T C T l G M  CTTTTCTGTL L\CATACAGAl CTCTGCCTCA CAAGGGTAGT T.4lCTCCC.U AAGAACICGG 

I200 1210 1220 1230 1240 I250 1260 
ACTGTATGAC TGCTGCkTTG GACTTlATGL TCTkClTCUG TTGATATAAT CACACTACCC CATCTTAGCA 

U 

u u  U 

U 

u 

GTTCGGCACA CCGGGCCTAG TCAATTAACT GTTAAGACAA AAGTACAM U 

U 

c 
2530 2540 2550 2560 2570 2580 2590 

AAGGCCAGGG AAGAAGCCTG GCATGCCCAC T G C T C G C M  CCTCGGGGTT TCTCGGTTTC CAAGTTGATT 

2600 2610 2620 2630 2640 2650 2660 
CCTGAGCCCC T l lCCATGTC TCACGAACGG GC1GGAATGl CCCTTGCTGC C C T G A A G M  CCCClGGCTG 

2610 2680 2690 2100 2710 2120 2130 
CGGCTCGCTA TWCGTGGAG UAGAACAACA GTCGTATCAA GCTGGCCCTC AACAGACTTG TGAATMGGG 

A G T c c i i E  cacncc% GciiccciZ c i c m %  rick% Gcu&:i A G c d %  

2810 2820 2830 2840 2850 2860 2810 
AACGACAAQG GCAAGGGCAA GWATCTGCT TCTCCCAAGG CTAACUACT GGGClTGlCC AGGGCCTCGA 

1 2880 2890 2900 2910 2920 2930 2940 
GATLCCCCAA GAGT&GlAAG hCCAAGL1TG TCAACPAGCC MAUGCTACG CCCUCAAUGG GTTCTGGGAG 

2950 2960 2910 2980 2990 3000 3010 
CAGAAGGAAG ACCAAUGGCG CCAAGGGCTT GCAACAGCCC M G C C C C G  CCAAUGCGAG GGCAACCAAC 

3020 3030 3040 3050 3060 3070 -3080 
TCCAACTCTG G C A A G T C M  G4lCGTCATG CACAAGACCG ACClAACGDA CGCAGCAGGA AGAAUGTGAG 

3090 3100 3110 3120 -> 3130 3110 3150 
TITCAMCCC AGTTTTCAAU AACCCAAU~C CTCTTTTAAG AGCfAClTAC ATACTTLTTA AAUTGGCCAA 

3160 1110 3200 3210 3220 
ACRCTGUGCA AMGTTAGAG GTLGCCA~TC ACT1 AG:::; ACClGCT&lAMCCCTAG AGTGGAAUCC 

3230 3240 3250 3260 3270 3280 3290 
TI\GGAGGTCC C1ATGTGTAG TT l l \ lTTGGT 1GTGGCTTlA CATlI\GAGTA AAGGTCACCA TTGTAACATG 

3300 3310 3320 3330 1340 3350 3360 
TCTTTCATTC TAGAATAMG k1CACCATTA A M T C T A A M  TGGUTGCATT TCATCCTAW AATGCCPICCG 

3310 3380 3390 3404 3410 3420 3430 
T I \ l C W G  AGRTGACCTC A G l A G l U G C l  CGCCACICTG UTCAAUTACT GAACTIAAUT TlACTCATTA 

3440 34% 3460 3470 3480 3190 3500 
WUCACCCGI  GJCTGGCGTC CACGCTTTCU TUGCACCUCT GIWUCCCAG ITATTCAGTG ACTAAGCTAG 

3510 3520 3530 3540 3550 3560 3510 
AGTTTATACA T l l T T C T T G A  GTTGCUTTTT TATTTCCTGA GTGATGCATT A M b M A T A C  AACAGl ICCT 

3580 3590 3600 3610 3620 3630 3640 
AAGAMCTAA AATGTCITTG AAGlTA lTGC MTTGTGCW TGTGTCAACA AAGATTCUTT TTTTGTTCCA 

3650 3660 3610 3680 3690 3100 3710 
CTTAGAAUGT AGTTTAATAC TATTGATCTA ACAGTTAl lG  T T W T G T A  TTGTGlUTTT TATGAAMTA 

LYS". 

B 
1210 1280 1290 1300 I l l 0  1320 1330 

TICTCCCTAA IGAACTAGLT TADTTAGGCC TCCCTTCTAC TTGUGTUTCA TGTTCCCTCC T l T I T T T C T l  

I340 I350 1360 I370 I380 I390 I400 
C T l C I I I T G A  CATGTTITCA TIlTClACCl WAGGTGLCC TCbbbACTCA CAGCAATCCT CCCTTCTTCA 

l a l o  I420 I430 I440 1450 I460 1410 
T G t  IGGGhT l  GCCIIGCAAGT TGCCICCATG CCCAGCXTA AGCACTCl lA  TTTCTAGACU T G l K C A T G t  

1480 1490 1500 1530 15'0 

U 

ATAAAGCCCT GGAAAGAACI TITCTCTAAC 

I550 1560 1510 I580 151" I600 1610 
AllGTCAAUT CTGL\TTCCAG CTTTATAATT TTTAMTTAA GGGTAGGCAC TGCUTCTGTT CATCTAGAGG 

1620 I630 1640 1650 I660 I670 1680 
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Fig. 2. Nucleic acid sequence of the 6859 bp EcoRI genomic fragment containing the histone Hlt and 
histone H4t genes. The consensus elements underlined in the proximal promoter region beginning at the 
ATG start codon and moving in an upstream direction include an inverted CCAAT-box (ATTGG), a 
putative T-box located in an unusual position between the mRNA cap site and the ATG start codon, the 
TATA-box at 2353, the HliCCAAT-box at 2330, an 8 bp element at 2320 identical to a portion of an 
element necessary for testis specific expression within the DrosophiIa P2-tubulin gene, the GC-box 
(GGGCGG) at 2305, and the histone H1-specific element Hl/AC-box (AAACACA) at 2282. The 
experimentally determined start site and terminus of the mature histone Hlt  mRNA are indicated by 
arrows at 2384 and 3124. Note the large number of repeats of the shortened form of the AC-box (AAACA) 
and of the inverse of this element (TGTIT) scattered upstream of each of the two genes and between the 
two genes. 

Relative in vitro transcriptional efficiencies of the CAT gene in transfected cells 
were estimated by transient expression assays using Northern blot analysis to estimate 
CAT mRNA levels. Hirt extracts [22] revealed successful transfection of rat hepatoma 
H4 cells, HeLa cell, and COS-1 cell (data not shown). Control experiments were 
conducted with pSV2CAT-HltR, the same expression vector shown in Figure 6A but 
with the Hlt  promoter in the reverse orientation, and with pSV2CAT-Nul1, identical 
to pSV2CAT but with the SV40 promoter deleted. When transfection was conducted 
with pSV2CAT-HltR, no CAT mRNA could be detected in Northern blots (Fig. 6B, 
lane 2), while a low level of CAT mRNA was detected with pSV2CAT-Hlt (Fig. 6B, 
lane 1) compared to cells transfected with pSV2CAT (Fig. 6B, lane 6). These 
experiments revealed successful transfection of COS-1 cells with the expression 
vectors and that expression of CAT mRNA was high with the parent expression vector 
pSV2CAT. No measurable CAT mRNA was produced with negative control vectors 
pSV2CAT-HltR or pSV2CAT-Null. Low levels of CAT mRNA produced in COS-1 
cells transfected with pSV2CAT-HI t were not unexpected given the high degree of 
sequence homology of the histone Hlt  promoter to other histone H1 promoters. CAT 
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Fig. 3. Determination of the mature histone Hlt mRNA terminus by S1-nuclease protection analysis. A n  
MboI-Mae111 DNA fragment spanning the 3’-half of the coding region and past the dyad symmetly 
element (nucleotides 2871-3182 in Fig. 2) was filled and 3’ end-labeled, denatured, and the 312 base probe 
was used in S1-nuclease protection analysis of total cellular RNA from rat testis and rat liver. No protected 
fragment was seen with 12 pg of rat liver RNA (lane l), but a 254 nucleotide protected fragment was seen 
with three different levels of rat testis RNA (8,18, and 22 kg in lanes 2,3, and 4, respectively). The size of 
the protected fragment places the mature Hlt mRNA terminus at the end of the dyad symmetly element 
at nucleotide 3124 as shown in Table I. 

mRNA could not be detected at all in transfected rat hepatoma H4 cells as seen in 
Figure 6C, lanes 7 and 8. Only low levels of CAT mRNA were measured in COS-1 
cells (Fig. 6C, lanes 1 and 2) and HeLa cells transfected with pSV2CAT-Hlt (Fig. 6C, 
lanes 3 and 4). For example, CAT mRNA was detectable in HeLa cells only when 50 
pg of total cellular RNA was used in the Northerns (Fig. 6C, lane 4). Multiple bands 
frequently seen in higher resolution gels in these assays using double stranded DNA 
probes cut from the CAT coding region indicate that all bands represent mRNA from 
the CAT coding region. 

DISCUSSION 
Studies on mechanisms responsible for tissue-specific expression of the rat testis 

histone Hlt  gene were initiated by isolating, cloning, and sequencing a 6.86 kb 
genomic fragment containing the gene. The nucleotide sequence reveals that the 
fragment contains both the rat histone Hlt  and H4t genes. The entire sequence is also 
available from GenBank as described in the Results. Previous examination of the Hlt  
transcriptional start site by S1-nuclease protection studies [ 181 revealed that the start 
site was located at nucleotide 2453, which is 69 bp upstream from the ATG initiation 
codon (Fig. 2). The 3‘ mRNA terminus, determined by S1-nuclease protection 
analysis in this study, is located 45 bp downstream from the termination codon just past 
the dyad symmetry element at nucleotide 3124, as indicated in Table I. 
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Fig. 4. Tissue-specific expression of the rat histone Hlt gene determined by Northern blot analysis. Total 
cellular RNA samples were isolated from enriched populations of rat testis germinal cells and unfraction- 
ated rat testis. A: RNA samples from various rat testis cell types were electrophoresed, blotted onto 
NYTRAN, and probed with the 300 bp [3’P]-labeled Pstl-Hind111 fragment (nucleotides 24742775, Fig. 
2) from the Hlt gene. RNA samples (20 kg per lane) in lanes 1-5 are derived from elutriator fractions 1-5. 
The hyo samples most enriched in RNA from specific germinal cell types are in lane 3 (70% early 
spermatids) and lane 5 (80% pachytene spermatocytes) (see B for a schematic representation of 
spermatogenesis). Lane 6 contains 20 pg RNA from unfractionated rat testis cells. B A schematic 
representation of the steps in spermatogenesis in the rat [45]. The two most enriched germinal cell types 
produced by the centrifugal elutriation technique are pachytene spermataytes (80%) and early spermatid 
(70% steps 14). The mid-spermatid stage of short duration is the time when histone H4 is hyperacetylated 
and core histones and H1 histones are replaced by spermatid transition proteins TP and TP2 [5]. Midway 
through the late spermatid stage, the transition proteins are replaced by the rat sperm protamine 
designated S1 [5]. 

Expression of the histone Hl t  gene was tested by Northern blots and S1- 
nuclease protection analyses. These studies revealed that the Hlt  mRNA was present 
only in rat testis. Examination of rat liver and testis (Fig. 3), as well as ovary and several 
other tissues (data not shown), demonstrated that a measurable steady state level of 
histone Hl t  mRNA was found exclusively in testis. Further analysis indicated that a 
fraction of testis cells enriched in pachytene spermatocytes may contribute most of the 
Hlt  mRNA detected in testis (Fig. 4A). These data certainly do not rule out post 
meiotic transcription of the histone Hlt  gene [34], but they indicate that if histone Hlt  
mRNA or histone H4t mRNA [18] are present in early spermatids, that they are 
present at very low levels. In addition, histone synthesis has been detected in premei- 
otic primary spermatocytes but not in postmeiotic early spermatids [20]. Therefore our 
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Fig. 5.  Electrophoretic mobility shift assay using crude nuclear extracts and a PstI-TthlllI fragment 
(nucleotides 2243-2453, Fig. 2) from the proximal histone Hlt  promoter. The fragment was filled, 
dephosphorylated with calf alkaline phosphatase, and ["'P] end-labeled with T4 polynucleotide kinase and 
[y3'P]-ATP. A: In this figure the gel retardation patterns shown were produced by binding of nuclear 
proteins from rat liver, from germinal cells enriched in pachytene spermatocytes (80%), germinal cells 
enriched in early spermatids (70%), or unfractionated rat testis cells as indicated. The first lane designated 
P shows the migration of free probe. The numbers 1,2,3, and 4 represent progressively more crude nuclear 
extract in the binding reactions. For example, the amounts of protein for rat testis are 1.5,3.0,8.0, and 16 
Fg, respectively. The bands produced are designated A through G for highest mobility to lowest mobility, 
respectively. Note that the liver band D is absent in pachytene spermatocytes and early spermatids. B In 
this figure the patterns shown were produced by binding of nuclear proteins from rat hepatoma H4 cells, 
HeLa cells, and COS-1 cells. Note that bands B and D seen in rat testis and rat liver patterns in Figure 6A 
are absent and two new bands C' and E' are present in HeLa and COS-1 cells. 
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Fig. 6. Transient expression analysis using the Hlt promoted CAT expression vector pSV2CAT-Hlt. A 
The Hlt  promoted CAT expression vector was constructed as follows. A Mae111 fragment containing the 
entire histone Hlt gene extending from nucleotide 2211 to 3178 was Klenow filled and cloned into the 
SmaI site of pUC19 with the 5'-end of the Hlt  gene oriented toward the EcoRI side of the polylinker to 
produce the plasmid pJA19. The plasmid pJA19was cut with TthlllI (nucleotide 2453 in Fig. 2) at the Hlt  
start codon, Klenow filled, and the promoter released with EcoRI. This fragment containing the promoter 
was force cloned into pUC19 which had been cut with EcoRI and SmaI. The resulting plasmid was cut with 
EcoRI and BarnHl to release the Hlt promoter. The released DNA fragment containing the histone Hlt 
promoter was Klenow filled and ligated to the plasmid vector pSV2CAT [46], which had been cut with 
AccI and HindIII to release the SV40 promoter and Klenow filled. Both orientations of the cloned Hlt 
promoter were isolated in this way. Numbering starts at the beginning of the Hlt  promoter. The CAT gene 
is indicated by the filled region and is oriented as shown by the arrow. A promoterless vector pSV2CAT- 
Null was constructed by ligating pSV2CAT to close the vector which had been cut with AccI and HindIII to 
remove the promoter and which had been IUenow filled. B Control Northerns with RNA from transfected 
cells: 1) COS-1 transfected with 10 pg pSV2CAT-Hlt; 2) COS-1 cells transfected with 10 pg pSV2CAT- 
HltR; 3-1) blank; 5) COS-1 cells transfected with 10 pg pSV2CAT-Null; 6 )  COS-1 cells transfected with 
10 pg pSV2CAT. Note that the Hl t  promoter is in the reverse orientation in vector pSV2CAT-H1tR used 
in lane 2. The SV40 promoter has been deleted in the vector pSV2CAT-Null used in lane 5. The probe 
used was a purified DNA fragment from the coding region of the CAT gene. C: Control Northerns with 
RNA from cells transfected with pSV2CAT-Hlt: 1) 50 pg RNA from COS-1 cells; 2) 5 pg RNA from 
COS-1 cells; 3) blank; 4) 50 pg RNA from HeLa cells; 5) 5 pg RNA from HeLa cells; 6) blank; 7) 50 pg 
RNA from rat H4 cells; 8) 5 pg RNA from rat H4 cells. The probe used was the same one used in B. (Note 
that although there is transcription of the CAT gene in COS-1 and HeLa cells, no CAT mRNA and 
presumably no histone Hlt promoted transcription of the CAT gene occurs in the nongerminal rat cells.) 
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present results are consistent with the pattern of testis-specfic histone synthesis 
reported in previous studies. 

Determination of the upstream nucleotide sequence of the rat histone Hlt  gene 
has enabled us to compare the Hlt  promoter with consensus elements from other 
histone promoters. A review of histone promoter consensus elements has been 
published and a comparison of the histone Hlt  promoter with other histone H1 
promoters reveals that the testis histone Hlt  gene contains all of the major promoter 
elements found in other H1 genes [35-391. A consensus TATA-box and an Hl/CCAAT- 
box were found at positions 2353 and 2330, respectively, upstream from the start 
codon at position 2453 of the histone Hlt  gene. A GC-box (5’-GGGCGG-3‘) is 
located at position 2305. This element occurs within 120 nucleotides of the transcrip- 
tional start site of some histone genes and can function in both directions. This motif, 
like the CCAAT-box, interacts with a transacting protein to promote maximal expres- 
sion of the adjacent gene. The nuclear protein SP1 probably binds to the GC-box in 
this Hlt  gene [47]. 

An HliAC-box (5’-AAACACA-3‘), an H1 gene-specific element located at 
position 2282, is reported to be unique to and ubiquitous among H1 genes [40]. It 
should be mentioned that two identical copies of the HliAC-box are located away 
from the proximal promoter of the histone Hlt  gene at nucleotide 604 at the start of 
the repetitive element (CA),, and in the distal promoter region of the histone H4t 
gene at nucleotide 5895. Several abbreviated copies (AAACA) of the Hl/AC element 
and of the inverse complement (TGTIT) are located in the distal promoter regions of 
both the histone Hlt  and histone H4t genes and between the two genes. These 
sequences are expected to be present randomly in only about seven copies in the 6.86 
kb EcoRI genomic fragment. The fact that there are 34 copies of the two sequences 
added together suggests that the sequence plays an important functional or structural 
role. The HliAC-box has been shown to be essential for optimal expression of the 
histone Hl gene in S-phase [41]. However, there is no DNA replication in pachytene 
spermatocytes. Therefore, the function of these histone H1-specific elements and the 
abbreviated copies of the HUAC element in the promoter region of the testis specific 
histone Hlt  gene are unknown. 

The gene-specific motifs discussed above may not play a role in developmental 
or tissue specific expression of the histone Hlt gene because of the global distribution 
of these sequences among the histone H1 genes. Other factors which influcnce 
chromatin structure or associations of the proximal or distal promoter with the nuclear 
matrix may play an important role in control of tissue-specfic histone Hlt  gene 
expression. The erythrocyte-specific histone H5 gene contains a sequence element 
that is conserved in the 5’ region of the P-globin genes which is part of a binding site for 
erythrocyte-derived nuclear factors [42]. Such a sequence is postulated to be involved 
in the tissue-specfic expression of the histone H5 gene. Barberis et al. [43] found a 
novel sequence-specific DNA binding protein that may act as a repressor of the sea 
urchin sperm histone H2B gene in nonspermatogenic cells. Factors in sea urchin 
embryos prevent CCAAT-binding protein from interacting with its sequence to 
increase transcription. 

Examination of the rat testis specific histone Hlt  gene promoter revealed three 
additional promoter elements. The first of these is an oligo(dA) . oligo(dT) tract. An 
oligo(dA) . oligo(dT) tract longer than 9 bp has been reported to be involved in 
promoter activity [33]. The (dA) . (dT) tracts may exert their effects by causing local 
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perturbations in the nucleosome arrangement or structure that influence assembly of 
the transcriptional complex at nearby promoters. This element is known to be involved 
in binding to the nuclear matrix within the promoter region of several genes including 
histone H4 [44] and has been identified as a nuclear scaffold attachment region ( S A R )  
in SomeDrosophilu genes [32]. It should be noted that there is also an 18 bp oligo(dA) . 
oligo(dT) tract 1.8 kb upstream from the rat testis histone H4t gene on the same 6.86 
kb genomic fragment, while a different A . T-rich sequence (TITA),, occurs between 
the histone Hl t  and histone H4t genes (Fig. 1 and Table I). Secondly, there is an 
inverse complement of the CCAAT element (A7TGG) next to the oligo(dA) . 
oligo(dT) tract within the Hl t  promoter. The functions of the dA . dT tract and inverse 
complement of the C C M T  element are unknown, but they are potential candidates 
for regulating expression of the histone Hl t  gene. In this regard, preliminary in vitro 
DNaseI footprint analyses after binding of nuclear proteins from unfractionated rat 
testis or rat liver reveal partial protection within the region of the oligo(dA). oligo(dT) 
tract. The third element is an 8 bp sequence (CTAGGGAT) between the GC-box 
(GGGCGG) and the Hl/CCMT-box within the rat histone Hlt  promoter. This 
element is part of an essential testis-specific sequence found within the promoter of 
the Drosphilia P2-tubulin gene which was shown to be indispensable for the proper 
testis specific expression of the gene during development in transgenic animals [31]. 
Therefore, it is a candidate for mediating tissue-specific transcription of the testis- 
specific histone H l t  gene. 

Data gathered thus far concerning the expression of the histone Hlt  gene 
support the hypothesis that the histone Hlt  gene is regulated primarily at the level of 
transcription. Recent data obtained in our laboratory from nuclear runoff transcrip- 
tion assays confirm that the testis histone Hl t  gene is transcribed in rat testis but not 
rat liver (manuscript submitted). Therefore, a better understanding of the transcrip- 
tional regulation of this gene requires an examination of protein-DNA interactions 
within the promoter region of the gene and with potential enhancer elements which 
may reside outside of the immediate promoter region. Therefore, we have initiated an 
investigation of the binding of nuclear proteins to the promoter region of the histone 
Hlt  gene. In order to do this, we have examined the ability of the promoter region of 
the histone Hlt  gene to bind to nuclear proteins in an electrophoretic mobility shift 
assay. Figure 5A,B presents results of assays with nuclear proteins from rat liver, rat 
testis, testis cells enriched in pachytene spermatocytes, and testis cells enriched in early 
spermatids, as well as nuclear proteins derived from rat hepatoma H4 cells, HeLa 
cells, and COS-1 cells which were in exponential growth. 

The largest number of electrophoretic bands in the electrophoretic mobility shift 
assay is seen when the nuclear extracts are from unfractionated rat testis cells, a cell 
fraction enriched in pachytene spermatocytes, and a cell fraction enriched in early 
spermatids. These bands are designated A 4 3  for rat testis. Band D is absent when 
nuclear proteins were derived from the cell fractions enriched in pachytene spermato- 
cytes and early spermatids, but it is abundant in liver. Scanning of the autoradiograms 
revealed that the relative abundance of each band produced by nuclear proteins from 
the cell fraction enriched in pachytene spermatocytes is different from the relative 
abundance produced by nuclear proteins from the cell fraction enriched in early 
spermatids. We expect to find differences between pachytene spermatocytes and early 
spermatids, especially if there is a histone Hl t  transcriptional activator which is specific 
to pachytene spermatocytes, or if there is a histone Hlt  transcriptional repressor in 
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early spermatids such as the displacement protein found in nongerminal sea urchin 
tissues [43]. However, we could not detect the complete absence of a band or presence 
of a new band in the cellular fraction enriched in early spermatids compared to the cell 
fraction enriched in pachytene spermatocytes. 

The mobility shift pattern produced with nuclear proteins from rat hepatoma H4 
cells is much more similar to the testis pattern than to the liver pattern. There are only 
two major bands produced by nuclear proteins from HeLa cells and COS-1 cells. 
These bands obviously reflect the presence of nuclear proteins in the human and 
monkey somatic cells which bind to the testis specific histone Hlt  promoter, but 
differences in the bands may reflect species-specific or cell type differences. The 
binding of HeLa and COS-1 nuclear proteins to the histone Hlt  promoter may be 
functionally significant, since we have found a histone Hl t  promoter CAT gene to 
have a low level of transcriptional activity in transfected HeLa cells and COS-1 cells. 

In order to produce expression vectors to test the ability of the histone Hlt  
promoter to promote transcription, an Hlt  promoted-CAT gene was constructed. 
Control expression vectors with a reversed Hl t  promoter or no promoter at all were 
also constructed. Rat hepatoma H4 cells, HeLa cells, and COS-1 cells were trans- 
fected successfully with this H l t  promoted-CAT expression vector as verfied by 
analysis of Hirt extracts. Although we have not examined transcription directly in this 
study, our results suggest very low levels of transcription or repression of transcription 
of the rat histone Hl t  gene in nongerminal rat cells. Even though CAT mRNA was 
detected in HeLa and COS-1 cells, the levels were very low. The level of CAT mRNA 
in transfected COS-1 cells was much lower with the Hlt  promoted CAT construct 
pSV2CAT-Hlt than with pSV2CAT. Taken together these results indicate that the 
region of the testis-specific histone Hl t  promoter used in these studies is functional but 
appears to promote transcription to a very low degree in transfected heterologous 
nongerminal cells. All of these results are consistent with repression of transcription in 
nongerminal cells especially nongerminal rat cells. Experiments are in progress to 
compare the level of CAT expression using larger histone Hl t  promoter sequences to 
the level of CAT expression using the relatively short H l t  promoter sequence in this 
study. It is possible that DNA sequences further upstream or downstream of the 
histone Hl t  gene modify expression. 
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