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ABSTRACT

The gene coding for H1 RNA, the RNA component of
human RNase P, has been isolated and characterized
from a human genomic DNA library. The sequence
corresponding to the mature H1 RNA is almost identical
to that previously identified using H1 RNA and a cDNA
clone corresponding to it. The nucleotide sequence of
the genomic clone contains an array of potential
transcriptional control elements, some characteristic
of transcription by RNA polymerase lll and some
characteristic of RNA polymerase Il, as is also the case
for U6 and certain other small stable RNAs. The
transcription in vitro of the genomic clone shows that
the gene is functional and is transcribed by RNA
polymerase lil. Southern hybridization analysis
indicates that there is very likely only one copy of the
gene for H1 RNA in the human genome.

INTRODUCTION

RNase P is an endoribonuclease that cleaves tRNA precursor
molecules to form the mature 5’ termini of their tRNA sequences.
In both prokaryotic and eukaryotic organisms the enzyme exists
as a ribonucleoprotein (1,2) and the RNA subunit from several
of the prokaryotic enzymes has been shown to be catalyticaly
active alone in vitro. Thus far, however, the eukaryotic enzymes
are only active in vitro in the form of a ribonucleoprotein complex
(3). The sequence of the RNA component of human RNase P
from Hela cells, Hl RNA, has been determined by direct
sequencing of the H1 RNA and determination of the sequence
of a cDNA clone corresponding to this RNA (4). To verify this
sequence, and also to obtain information concerning the control
of transcription of the gene for HI RNA, we sought a clone
containing a genomic copy of the HI RNA gene.

We have now isolated and sequenced a gene coding for the
RNA portion of human RNase P and its flanking regions from
the DNA of human spleen. The sequence of the transcribed
portion of the gene is nearly identical to the cDNA sequence of
the H1 RNA molecule from Hela cells previously published (4).
The gene is transcribed in vitro by RNA polymerase III.
However, it appears to have transcriptional control elements
characteristic of those used by both RNA polymerases II and III.
It, therefore, may be similar in its transcriptional control to the

genes of several other eukaryotic small stable RNAs previously
characterized including U6, 7SK, 7SL, MRP, and the Epstein-
Barr Virus Small RNAs. (5—-9)

MATERIALS AND METHODS
Analysis of Human DNA

Aliquots of DNA (20 ug) from human spleen (a gift of Dr. B.
Forget, Yale University) were cut with a variety of restriction
enzymes and subjected to electrophoresis on 0.8 % agarose gels.
After transfer (28) to either nitrocellulose or nylon (Zeta-Probe)
filters, hybridizations were carried out using 32P-labeled cDNA
that codes for HI RNA of RNase P from HeLa cells (4). The
cDNA was labeled with 32P using a random priming kit
purchased from Boehringer-Mannheim. Hybridizations to DNA
bound to the Zeta-Probe membrane were performed with aqueous
solutions containing 10% dextran sulphate, 1.5X SSPE (0.27
M NaCl, 15 mM sodium phosphate, pH 7.0, 1.5 mM EDTA),
1 % SDS, and 0.5% non-fat dry milk at 68° C. The final wash
of the Zeta -probe membrane was done at 50° C in the presence
of 0.1x SSC (15 mM NaCl, 1.5 mM sodium citrate) and 1%
SDS. Hybridizations to DNA bound to the nitrocellulose
membrane were done at 42° C using a solution containing 50%
formamide, 10% dextran sulphate, 5X SSC, 2.5X Denhardt’s
buffer (29), and 0.2% SDS. The final wash was done at 65°
Cin0.2x SSC. In all cases sonicated, denatured salmon sperm
DNA was included in the hybridization mixes.

Isolation of the Gene for H1 RNA

DNA (1 pg) from human spleen was digested with BamH I and
ligated to 500 ng of AEMBL3 arms (Promega). The ligation
reaction was packaged using Gigapack Gold packaging mix
(Stratagene), and the phage were grown using E.coli strain
KW251 (Promega) as a host. Approximately 10% pfu were
obtained per mg of human DNA.

The phage were plated without amplification. After transfer
to nitrocellulose filters and denaturation of the bound DNA (29),
the plaques were screened for the presence of the gene for H1
RNA using the 32P-labeled cDNA for Hela cell HI RNA as a
probe.

Phage stocks carrying the gene for HI RNA were prepared
and their DNAs were extracted according to the procedure of
Kaslow (30). After digestion with a variety of restriction enzymes
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and subsequent analysis of the phage DNA by agarose gel
electrophoresis, fragments containing the H1 RNA gene were
identified following Southern transfer and hybridization to the
32p-Jabeled probe DNA.

Subcloning and DNA Sequencing

The phage DNA was cut with Sal I (a unique Sal I site is located
next to the BamH I site in the A\EMBL3 arms), and a fragment
of DNA of approximately 15 kb was produced and cloned into
pUC 19 (31) at the Sal I site of the polylinker. This plasmid was
named pMBHI1. The insert in pMBH1 was then further
subcloned. This DNA was digested with Sma I and EcoR I and
the resulting fragment of 831 bp which contained the gene for
H1 RNA was cloned into pUC 19 at the Sma I and EcoR I sites
of the polylinker. The new plasmid was named pMBH2. It
contained 835 bp of the genomic DNA sequence. The sequence
of the inserted DNA was determined using the Sequenase™
method and kit (United States Biochemical). The oligonucleotide
primers used were the minus 40 Universal Primer and the Reverse
Primer ( New England Biolabs), which hybridize to the vector
on either side of the inserted DNA, and a primer with the
sequence 5'-GCATCTCCTGCCCAGTCTGACCTCG-3', which
hybridizes within the coding region of the H1 RNA gene to
nucleotides 163—187. The fragment of 835 bp was further
subcloned by digestion with Kpn I and either EcoR I or Pst L.
Each of these fragments, which contained part of the gene for
H1 RNA, was cloned into pUC 19 at the appropriate sites in
the polylinker. The sequence of the inserted DNAs was then
determined as decribed above using both the Universal and
Reverse primers. The sequence of the DNA located beyond the
Sma I and EcoR I sites was determined using the DNA from
the pUC 19 clone containing the 15 kb fragment of genomic DNA
carrying the H1 RNA gene and three primers that hybridize to
nucleotides either in or beyond the coding region of the H1 RNA
gene. These three primers are 5'-GGGCCCGCGATTCCT-
TGGA-3', which is complementary to nucleotides —182 to
—200, 5’-TCGTGGCCCCACTGATGAGCTT-3', which is
complementrary to nucleotides 14 —35 of the coding region, and
5'-TGGAACAGA CTCACGGCCAG-3', which hybridizes to
nucleotides 242 —261 of the antisense strand of the DNA in the
coding region.

Subclone of the DNA fragment of 835 bp

The plasmid containing the Sma I-EcoR I fragment of genomic
DNA (835 bp) was digested with Ssp I, Hind III and EcoR I.
The Ssp I-Hind III fragment containing the H1 RNA gene that
arises from the triple digest was cloned into pUC 19 at the unique
Ssp I and Hind III sites and the new plasmid was called pMBH3.
This plasmid contained 706 bp of the genomic DNA sequence.

Preparation of cell extracts

S100 extracts of Hela cells were prepared as previously described
(32). To prepare whole cell extracts, Hela cells were concentrated
by centrifugation and washed twice with ice-cold phosphate
buffered saline (Gibco). Following one additional wash in 10mM
KCl, 1.5 mM MgCl,, 0.5 mM DTT, 10 mM Hepes, pH 7.9
(buffer A; 33), the cells were resuspended in one packed cell
volume of buffer A and allowed to swell for 10 min. Following
swelling, the cells were disrupted by Dounce homogenization
until most nuclei were broken, as monitored by phase contrast
microscopy. The homogenate was then made 200 mM in KCl
by addition of 1M KCI and further homogenized by 5 strokes

of the Dounce homogenizer before centrifugation at 26,000 g
for 10 min. The resultant supernatant was dialysed for 4 hours
against 100 volumes of 100mM KCl, 0.5 mM DTT, 0.2mM
EDTA, 20 % glycerol, 20 mM Tris-HCIl, pH 7.9. Following
dialysis the homogenate was centrifuged at 10,000 g for 15 min
and the resultant supernatant was divided into aliquots and stored
at —70° C.

Transcription reactions in vitro

Transcription reactions in vitro were carried out in a final volume
of 25 pl. The mixtures contained 15 ul of the indicated extract,
5 mM MgCl,, 80 mM KCl, 0.5 mM DTT, 20 mM creatine
phosphate, 0.5 mM each of ATP, UTP, CTP, 50 uM GTP,
10 uCi (a-?P GTP), 12mM Tris-HCl, pH 7.9 and DNA
templates as indicated in the figure legends. Following a one hour
incubation at 30° C reaction mixtures were diluted to 250 ul in
250 mM NaOac, 1 mM EDTA, 0.25 % SDS, 20 mM Tris-HCl,
pH 7.5, digested with 100 ug/ml proteinase K for 30 min at 37° C
and extracted with phenol/chloroform (29). Reaction products
were analyzed on 8M urea, 5 % polyacrylamide gels. Following
electrophoresis, labeled transcripts were visualized by
autoradiography.

Isolation of RNA transcribed in vivo

Whole cell extracts of HeLa cells, made as described above, were
deproteinized by proteinase K treatment and extraction with
phenol and chloroform. The total cellular RNA obtained was
precipitated with ethanol prior to its hybridization with
oligonucleotides and cleavage by RNase H.

RNase H cleavage reactions

RNA isolated either from transcription reactions in vitro or Hela
cell extracts was individually hybridized to two oligonucleotides,
the sequences of which are given above, and which are
complementary to nucleotides 14 —35 or 163 —187 of H1 RNA.
Cleavage by RNase H was performed as described by Vournakis
et al. (34). Reaction products were fractionated on 5% denaturing
acrylamide gels and transferred to Gene Screen (NEN).

Blot hybridization

Following isolation from whole cell extracts, hybridization to
oligonucleotides and cleavage with RNase H, RNA was
fractionated on 5% denaturing acrylamide gels and transferred
to Gene Screen (NEN). Probes were prepared by labeling
oligonucleotides complementary to nucleotides 14—35 and
163—187 of H1 RNA with 4-3?P-ATP and polynucleotide
kinase. The hybridization mix contained 2% 107 cpm of mixed
oligonucleotide probe in 10 mg/ml BSA, 1mM EDTA , 7% SDS,
0.5M sodium phosphate, pH 7.2. Hybridizations were carried
out at 37° C for 16 hours. Washes were done at 37° C in 5X
SSC containing 0.1% SDS.

Mapping of the chromosomal position of the gene for H1 RNA
Initial mapping experiments were performed using DNA mapping
panels as described by Bentley et al. (21) and references therein.
The cDNA clone isolated by Barkiewickz et al. (4) was labeled
with 32P and used as the probe in these experiments. More
definitive mapping of the chromosomal position was done using
the technique of hybridization ir situ developed by D. Ward and
P. Lichter (personal communication). The fragment of spleen
DNA, 15 kb in length, which had been subcloned into pUC 19,
was used as the probe.
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Figure 1. Southern hybridization of HI cDNA to human spleen DNA cut with
various restriction enzymes. Human spleen DNA was cut with a variety of
restriction enzymes, subjected to electrophoresis on an 0.8% agarose fzel'
transferred to nitrocellulose and hybridized under stringent conditions to a *“P-
labeled cDNA fragment corresponding to H1 RNA of Hela cell RNase P (see
Materials and Methods.). The enzymes used were: lane 1, EcoR I and Xba I;
lane 2; Ava I and Xba I; lane 3, Xho I and EcoR I; lane 4, BamH I and EcoR
I; lane 5, EcoR I; lane 6, BamH I. Size markers are as shown.

RESULTS
Cloning of the gene for H1 RNA from human DNA

DNA from human spleen was cut with a variety of restriction
enzymes, fractionated by agarose gel electrophoresis, and
analyzed by Southern transfer and hybridization to the cDNA
corresponding to the gene for H1 RNA of Hela cell RNase P
(4). A single BamH I fragment of about 15 kb that hybridized
to the probe was identified as shown in Fig. 1, lane 6.

To isolate the gene coding for H1 RNA, the human spleen
DNA was cut with BamH I and ligated into \EMBL3 arms to
produce a human spleen genomic library of BamH I fragments
between 9 and 23 kb in size. Approximately 10° plaques were
screened using the cDNA corresponding to H1 RNA as a probe
(see Materials and Methods). Twelve positive plaques were
obtained. Large scale lysates of four of these phage were prepared
and their DNA was extracted and cut with various restriction
enzymes. All four DNAs had the expected BamH I fragment of
15 kb. All four DNAs also carried the gene for H1 RNA on a
single Pst I fragment of about 2 kb and a single Sma I-Sac I
fragment of approximately 900 bp. One of these phage DNAs
(the DNA of isolate 9), was chosen for further study. The DNA
fragment of 15 kb from this phage was subcloned into pUC 19
to make pMBH1. A Sma I-EcoRI fragment of approximately 830
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bp which contained the gene was subcloned separately into pUC
19 to make pMBH2 (see Materials and Methods).

Sequence of the gene for H1 RNA and its surrounding regions

The sequence of the gene for HI RNA was determined using
pMBH1 and pMBH2, the recombinant plasmids described above
(see Materials and Methods). In comparison with the previously
published sequence of H1 RNA, the coding region of the gene
differs from the cDNA sequence at three positions (Fig. 2). It
has one extra A residue after position 2 of the cDNA sequence.
Position 129 of the genomic sequence is changed from A in the
cDNA to G in the genomic sequence and position 324 is changed
from C in the cDNA to T in the genomic sequence. We attribute
these differences to polymorphisms between the Hela cell DNA
and human spleen DNA. The two transitions found in the H1
RNA coding sequence of the spleen DNA do not affect the
proposed secondary structure of the H1 RNA (4). The additional
A residue close to the 5’ end of the coding region still allows
the 5" and 3’ ends of the H1 RNA to form a based paired region.
However, this extra A residue must bulge out of the proposed
helical region if the stem structure is to be preserved.

Sequences characteristic of genes transcribed by RNA
polymerase III have been identified in the gene for H1 RNA.
Within the coding sequence of the gene, at position 269 —278,
is the sequence 5'-AGTTCAATGG-3' which matches the box
A consensus sequence (5'-RRYNNARYGG-3') found as part of
RNA polymerase III promoters (10). However, a box B
consensus sequence was not present. At the 3’ end of the gene
there is a run of 5 T residues which could serve as a signal for
termination of transcription by RNA polymerase III (11,12).

In addition to the sequences which match the consensus
sequences for control elements for transcription by RNA
polymerase III, the gene for H1 RNA contains in its 5’ flanking
region several sequences which match the consensus sequences
of control elements for RNA polymerase II. These include the
sequence 5’-TATAA-3’ located at position —30, which matches
the TATA box control element sequence (13); the sequence
5'-TCACCATAAAC-3' located at position —68, which matches
the consensus sequence 5'-TYACCNTAAC-3’ for the proximal
sequence element (14,15); the sequence 5'-ATTTGCAT-3’ at
position —97, which is identical to the distal sequence element
(octamer sequence; 13); and 5 short, GC rich sequences, located
upstream of the distal sequence element, which could be binding
sites for the Spl transcription factor (16). One of these Sp 1
elements is separated from the octamer sequence by only 6 bases.
The orientation of the octamer sequence is identical to that found
in the genes for U6 RNA, MRP RNA, U4 RNA, and 7SK RNA
and opposite to that seen in the genes for the U1 and U2 RNAs
(5,8,17-19).

At the 3’ end of the H1 RNA gene, following the 3’ terminal
stretch of T residues are two G residues followed directly by
a long run of A residues and an Alu sequence (20). The Alu
sequence is directly followed by a poly A sequence at its 3’ end.

Copy number and chromosomal location of the H1 RNA gene

Southern hybridization analyses of single and double digests of
the human spleen DNA show a single band of hybridization
indicating that the gene for H1 RNA may be present in a single
copy, (Figure 1). On occasion, with some enzymes we have
observed hybridization to two bands in restriction digests. Even
though these results may be due to partial digests, nonspecific
hybridization or to hybridization to a truncated gene, we cannot
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-370 -360 -350 -340 -330 -320
TTATA GGGAGCTGAA GGGAAGGGGG TCACAGTAGG TGGCATCGIT CCTTTICTGAC

SP1 -310 -300 -290 -280 sp1 -260 -250 -240 -230 -220
TGOCOGCOCC CCGCATGO0G TOOCGOGATA TTGAGCTCOG AACCTCTOGC CCTGOOGOCG COGGTGCTCC GTOGCOGOOG CGOCGOCATG GAATTCGAAC
-210 -200 -190 -180 -170 SsPl  -160 -150  SP1 -140 -130 -120

GCTGACGTCA TCAACCOGCT CCAAGGAATC GOGGGOCCAG TGTCACTAGG OGGGAACACC CAGOGCGOGT GOGCCCTGGC AGGAAGATGG CTGTGAGGGA

-110 SP1  -100 DSE -90 -80 -70 PSE -60 -50 -40 -30 TATA -20
CAGGGGAGTG GOGOCCTIGCA GTCGCTATGT GTTCTGGGAA ATCACCATAA ACGTGAAATG TCTTTGGATT TGGGAATCTT ATAAGITCT
-10 v ox 10 20 30 40 50 60 70 80

TATGAGACCA CTCTTTCCC ATAGGGOGGA GGGAAGCTCA TCAGTGGGGC CACGAGCTGA GTGOGTCCTG TCACTOCACT CCCATGTCCC TTGGGAAGGT

90 100 110 120 *130 140 150 160 170 180
CTGAGACTAG GGOCAGAGGC GGCCCTAACA GGGCTCTCCC TGAGCTTCGG GGAGGTGAGT TCCCAGAGAA OGGGGCTCCG CGCGAGGTCA GACTGGGCAG

190 200 210 220 230 240 250 260

270 "BOX A" 280

Figure 2. Sequence of the gene for HI RNA. The region corresponding to the cDNA sequence for HI RNA is shown in bold type. The first base of HI RNA
is marked with a check. Bases which differ from the Hela cell HI RNA sequence are marked by asterisks. Sequences which match consensus sequences for transcriptional
control elements are as marked and include a box A sequence ( Box A), a TATA box (TATA), a proximal sequence element (PSE), a distal sequence element

(DSE), and several Spl elements (Sp1). The terminal T residues at the 3’ end of the gene are underlined. The Alu sequence is under and over lined.

rigorously exclude the possibility that the gene for HI RNA is
actually present in the human genome in two copies. Digestion
of the DNAs of the recombinant phage with Sma I and Sac I
and analysis of the digests by Southern hybridization did show
that in all four DNAs the gene for H1 RNA was carried on a
unique fragment of approximately 900 bp.

Preliminary chromosome mapping using panels of DNA from
cells carrying mouse-human hybrid chromosomes (21) localized
the gene to either one of two chromosomes, 11 or 14.
Subsequently, using the high resolution technique of Ward and
Lichter (personal communication), the gene has been mapped
to chromosome 14. It resides on the q arm just below the
centromere.

Transcription in vitro of the gene for H1 RNA

Various transcription experiments were carried out in vitro to
determine whether or not the gene for H1 RNA was functional
and to determine the type of RNA polymerase that might be
involved in its transcription. Both pMBH1 and pMBH2 were
transcribed in vitro using S100 and whole Hela cell extracts.
Plasmid DNA containing the gene for 5S rRNA was also
transcribed in the same extracts as an internal control. Synthesis
of a transcript about 340 nucleotides long, approximately the size
of H1 RNA present in RNase P (4), was observed when templates
containing the gene for H1 RNA were incubated with either cell
extract. Data for pMBH2 are shown in Figs. 3, 4 and 5. The
level of synthesis of this transcript was the same when plasmid
DNA carrying the genomic DNA fragment of 15 kb (pMBH1)

or plasmid DNA containing the piece of genomic DNA of 835
bp (pPMBH2) with only 229 bases of 5' flanking sequence was
used as a template (data not shown).

To establish that the transcript of about 340 nucleotides was
indeed H1 RNA, the RNA produced in vitro was digested with
RNase H in the presence of one or the other of two
oligonucleotides complementary to H1 RNA (Figure 3A). These
two oligonucleotides hybridize to nucleotides 14—35 and
163 —187 of the RNA (Materials and Methods). Similar analyses
were also performed on total RNA made in vivo which was
isolated from Hela cell extracts (Figure 3B). In these latter
experiments H1 RNA was identified by blot hybridization using
oligonucleotide probes complementary to the H1 RNA sequence.
Both RNAs yielded a nearly identical spectrum of digestion
products. Cleavage by RNase H of transcripts hybridized to the
oligonucleotide complementary to nucleotides 14 —35 of the H1
RNA gene produced, as expected, a large fragment of
approximately 318 bases (the smaller fragment ran off the gel),
while cleavage of the transcripts hybridized to the oligonucleotide
complementary to nucleotides 163 —187 of the H1 RNA gene
produced a broad band. This band corresponded in size and
intensity to the two fragments of around 170 nucleotides which
should be produced in this particular RNase H cleavage reaction
(Figure 3, lanes 2 and 3 in panels A and B).

Although the analysis with RNase H does not provide definitive
information regarding the actual initiation and termination sites
of transcription, the results do show that the transcript synthesized
in vitro using the cloned gene as a template is H1 RNA, that
transcription is accurate, and that the transcript made is identical
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Figure 3. Comparison of transcription products made in vitro and in vivo from
the gene for H1 RNA. Panel A: Autoradiogram of an RNA blot of the experiment
in which 500 ng of supercoiled plasmid DNA of pMBH2 (see Materials and
Methods) were incubated in a whole cell extract of HeLa cells as described in
Materials and Methods. Following deproteinization, the reaction products were
divided into three aliquots, hybridized to various oligonucleotides and digested
with RNase H. The reaction products were then separated on denaturing
polyacrylamide gels and transferred to Gene Screen (NEN) as described in
Materials and Methods. Panel B: Autoradiogram of an RNA blot in which aliquots
of whole cell RNA from HeLa cells (1,2 and 3 ug respectively in lanes 1, 2
and 3) were treated as described above for the transcripts made in vitro. The
part of the filter corresponding to panel A was exposed directly to film, while
the portion of the filter corresponding to panel B was hybridized with labeled
oligonucleotide as described in Materials and Methods and then exposed to film.
For the experiments shown in both panels, the digestions with RNase H were
carried out (lanes 1) in the absence of oligonucleotide; (lanes 2) in the presence
of 200 ng of an oligonucleotide complementary to nucleotides 14 —35 of H1 RNA,
and (lanes 3) in the presence of 200 ng of an oligonucleotide complementary
to nucleotides 163 —187 of H1 RNA. The sizes of single stranded DNA markers
are indicated in the figure.

or nearly so in size to the transcript made in vivo. We also
conclude that the mature form of H1 RNA does not appear to
be derived from a larger precursor molecule.

Nucleic Acids Research 101

622
527

404
H1 RNA

242

217

160

55 rRNA _ - 122

110

Figure 4. Inhibition of transcription of the gene for H1 RNA by a-amanitin.
250 ng each of plasmid DNA (pMBH2) (see text and Materials and Methods)
or plasmid DNA containing a gene for Xenopus borealis 5S rRNA (pXBS201,
35) were incubated with an S100 extract (panel A) or a whole cell extract of
HeLa cells (panel B), in the presence of increasing concentrations of a-amanitin.
For both panels: lane 1, no addition; lane 2, 2 ug /ml; lane 3, 10 ug /ml; lane
4, 50 pg /ml; lane 5,100 pg/ml; lane 6, 200 pg/ml. Reactions were assembled
and analyzed as described in Materials and Methods. The transcript of
approximately 225 nucleotides seen in the whole cell extracts has not been
rigorously identified, but based upon its sensitivity to digestion with RNase H
in the presence of oligonucleotides complementary to H1 RNA, it is likely to
be a prematurely terminated version of HI RNA. The sizes of single-stranded
DNA markers are indicated in the figure.

RNA polymerase II or RNA polymerase ITI?

To ascertain the nature of the polymerase which transcribes the
gene for H1 RNA, transcription reactions were carried out in
vitro in the presence of increasing concentrations of -amanitin.
As an internal control, these reactions contained an authentic
RNA polymerase III template corresponding to a gene for 5S
rRNA from Xenopus borealis. H1 RNA and 5S rRNA synthesis
was assayed in both S100 and whole cell extracts (Figure 4).
Synthesis of both transcripts showed an identical sensitivity to
inhibition by a-amanitin. That is, the transcription of both RNA
molecules was not completely inhibited even at 200 pg/ml
concentrations of «-amanitin. These results indicate that the H1
RNA gene is transcribed by RNA polymerase III. Interestingly,
H1 RNA, unlike 5S rRNA, was synthesized much more
efficiently in the whole cell extract than in the S100 extract, a
result which suggests that the transcription of HI RNA may
require factors in addition to those utilized for the transcription
of 5S rRNA.

To delineate further the extent of the 5’ flanking region of the
H1 gene required for efficient transcription, the gene was cut
at an Ssp I site at nucleotide —98, adjacent to the 5’ end of the
octamer sequence. The resulting fragment, after recloning to
make plasmid pMBH3, contains 706 bp of the initial genomic
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Figure 5. Transcription in vitro of an H1 RNA gene lacking potential Sp1 binding
sites. Plasmid DNA containing inserts of human DNA carrying the H1 RNA
coding sequence, with either 229 nucleotides of 5’ flanking genomic DNA,
(pMBH?2; lanes 1 and 2 in both panels) or 100 nucleotides of 5’ flanking genomic
DNA, (pMBH3; lanes 3 and 4 in both panels) were incubated with an S100 extract
of HeLa cells (Panel A) or whole cell extract of Hela cells (panel B). Lanes 1
and 3 contained 250 ng of H1 RNA plasmid DNA while Lanes 2 and 4 contained
350 ng of the template. All reactions contained 250 ng of plasmid DNA carrying
the Xenopus borealis 5S rRNA gene described in the legend to Figure 4. Reaction
mixtures were assembled and analyzed as described in Materials and Methods.
The sizes of single stranded DNA markers are indicated.

fragment with only 100 nucleotides of 5’ flanking DNA included.
This fragment still contains the intact octamer sequence.
However, all of the putative Spl sequences have been deleted.

pMBH3 DNA was transcribed in vitro in both the S100 and
whole cell extracts as described above. The gene for HI RNA
was transcribed just as efficiently from this DNA, in which only
100 nucleotides of 5’ flanking genomic DNA are present, as it
was from the DNA of plasmid pMBH2 that contains more of
the 5’ flanking region (Figure 5). As was also the case with the

other two plasmids which contained more of the original genomic
DNA, pMBH3 was transcribed more efficiently in the whole cell
extract than in the S100. Data for pMBH2 and pMBH3 are shown
in Figure 5. Data for pMBH1 are not shown.

DISCUSSION

The gene for H1 RNA which we have isolated from a human
genomic DNA library is a functional gene as judged by its
efficient transcription in vitro by RNA polymerase III in
comparison to transcription of a gene for 5S rRNA. Those
sequence elements which are required for efficient transcription
of the gene for H1 RNA lie within the 706 nucleotides of the
genomic fragment subcloned from the initially isolated 15 kb
fragment. This includes 341 nucleotides of the coding region,
100 nucleotides in the 5’ flanking region and 265 nucleotides
in the 3’ flanking region. The gene is transcribed by RNA
polymerase III but the sequence elements both within the gene
for H1 RNA and its 5' flanking region are characteristic not only
of genes transcribed by polymerase III but also of genes
transcribed by polymerase II. That sequences other than those
characteristic of only polymerase III transcription may be required
for maximum efficiency of transcription is indicated by that fact
that the gene for H1 RNA, unlike the gene for 5S rRNA, is
transcribed in vitro much more efficiently in whole cell extracts
than in the S100 and thus appears to require factors other than
those required in the transcription of 5S rRNA.

The sequence beyond the 3’ terminal TTTTTGG in the gene
for H1 RNA is a poly A sequence similar to those sometimes
found at the ends of pseudogenes (22). However, this gene is
not truncated in comparison to the cDNA sequence nor does it
contain any deletions nor is it surrounded by direct repeats.
Additionally, four isolates of the gene from the original genomic
library appeared to carry the gene on identical restriction
fragments and sequence analysis of these isolates showed that
the 3’ terminal run of A residues was present in each. These facts,
and most importantly, the data from the transcription experiments
in vitro indicate that the gene we isolated is not a pseudogene.

Beyond the run of A residues at the 3’ end of the gene for
H1 RNA lies an Alu element. We do not know if this Alu element
has any role in transcription. However, there are 66 nucleotides
deleted from the 3’ end of the Alu element in pMBH2 and this
deletion does not affect transcription. We note that the genes for
7SK have Alu sequences immediately downstream from their 3’
ends (6). Furthermore, the gene for mouse MRP RNA contains
a Bl element downstream from its 3’ end. The Bl element is
found in rodents and is analogous to Alu elements in human DNA
(8). The MRP RNA, part of an enzymatically active ribonucleo-
protein particle, may be related to H1 RNA in humans (23). Both
the 7SK and the MRP RNA genes resemble the H1 RNA gene
in the sequences of their transcriptional control elements.

The array of potential transcriptional control elements present
in the gene for H1 RNA resembles those found in a class of genes
transcribed by RNA polymerase III, of which U6 is the best
characterized representative (12,14,18,19,24). These genes have
an internal box A and a run of T residues at their 3’ ends as
required for transcription by RNA polymerase III. However,
transcription of some of these genes, (the 7SK and the U6 genes),
by RNA polymerase III has been found not to require the box
A sequence but rather to depend upon the presence of the several
sequences in the 5’ flanking region, which are most often utilized
in transcription by RNA polymerase II. The run of T residues



at the 3’ end of the coding region of these genes is required for
proper transcription and termination (12,17—19).

Exactly which of the various sequence elements present within
and flanking the H1 RNA gene are required for efficient
transcription remains to be seen. We note that in the 5’ flanking
region the TATA box and the proximal sequence elements are
located at almost precisely the same distances from the site of
initiation of transcription (presumed to be defined by the first
nucleotide of the H1 RNA; 4) as are these same sequence
elements in the U6 gene (14). The octamer sequence, however,
is found in the H1 RNA gene about 100 nucleotides upstream
from the site of initiation of transcription, while it is located over
200 bases from this site in the U6 genes and the genes for other
U RNAs (14). It is also found in this more distal location in the
7SK and Mouse RNase MRP RNA genes (8,17). Although its
position is not in accord with its position in these other genes,
the octamer sequence in the H1 RNA gene matches the consensus
sequence perfectly. It also lies in close proximity to a Sp1 element
and it has been shown that the octamer sequence and the Spl
sequence can act together as enhancers of transcription (25).
Nevertheless, in the gene for H1 RNA, deletion of all of the Sp1
elements, including the one closest to the octamer, does not affect
the efficiency of transcription in vitro. Whether the octamer
sequence itself influences transcription in vitro remains to be seen.

It has been suggested that genes which combine elements of
both polymerase II and polymerase III promoters may be
remnants of primordial eukaryotic genes (17,24). It may be that
the gene for the eukaryotic version of the RNA subunit of RNase
P is also very ancient, having originated at the time of divergence
of eukaryotes from prokaryotes. In accord with this hypothesis
is the suggestion that the catalytic RNA subunit of prokaryotic
RNase P (26,27) first appeared in a time when RNA molecules
performed all coding and enzymatic functions in living organisms.
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