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a b s t r a c t
4.5SH RNA is a 94 nt small nuclear RNA with an unknown function. Hundreds of its genes are present in the
genomes of rodents of six families including Muridae. 4.5SH RNA genes contain an internal RNA-polymerase
III promoter consisting of A and B boxes. Here we studied the inﬂuence of 5′-ﬂanking sequences on the
transcription of a mouse 4.5SH RNA gene. We found that replacement of the upstream sequence can
dramatically change the 4.5SH RNA gene transcription efﬁciency. Various DNA fragments inserted
immediately upstream from 4.5SH RNA gene completely inhibited its in vitro transcription, whereas others
promoted it. The shortening of the native mouse 5′-ﬂanking sequence of 4.5SH RNA gene to 42 bp resulted in
the activation of an additional illegal transcription start site in upstream region. Transcription of the 4.5SH
RNA gene with various upstream sequences in transfected HeLa cells revealed the differences between the
tests performed in vivo and in vitro: in whole cells, only the construct with 5′-ﬂanking native sequence could
be transcribed. Apparently, at least some regions of the native 5′-ﬂanking sequence of 4.5SH RNA genes have
been selected during evolution for high transcription activity.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
To date, many families of non-protein coding RNAs in eukaryotic
cells have been described. Many of them play an important role in premRNA splicing (U1, U2, U3, U4, U5, U6 RNAs), rRNA processing and
modiﬁcation (C/D box RNAs and H/ACA box RNAs), as well as protein
secretion (7SL RNA) and cell cycle regulation (7SK RNA). Quite a few
small RNAs participate in gene activity regulation (small interference
RNAs) (Cooper et al., 2009; Moazed, 2009; Ponting et al., 2009).
4.5SH RNA1 is a 94 nt nuclear RNA synthesized by RNA-polymerase
III (Leinwand et al., 1982; Harada et al., 1986). This RNA is known to be
present in mouse, rat, and hamster, but not in human, rabbit, or chicken
cells (Harada et al.,1979; Harada and Kato, 1980). The function of 4.5SH
RNA remains unknown, although its association with poly(A)containing RNAs (Schoeniger and Jelinek 1986) and in vitro interaction
with nine different proteins (Hirose and Harada 2008) was shown.
4.5SH RNA has an extensive sequence similarity to the 7SL RNArelated short interspersed elements (SINEs) of rodents (B1-element)
and primates (Alu-element). Only 6 of 30 rodent families (mice,
hamsters, mole rats, bamboo rats, birch mice, and jerboas) have 4.5SH
Abbreviations: pol III, RNA-polymerase III; EAC, Erlich ascite carcinoma; Dir-PL,
pGEM-T plasmid polylinker region adjoined M13Dir sequences; Rev-PL, pGEM-T
plasmid polylinker region adjoined M13Rev sequences; mini-B2, mouse B2 SINE copy
including A and B boxes of the pol III internal promoter and a synthetic oligoT
terminator.
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RNA (Gogolevskaya et al., 2005). The genes encoding this RNA were
probably derived from a member of pB1d10 (a subfamily of B1 SINE
family) in the genome of a common ancestor of those rodents about
50 million years ago. SINEs were also the source of genes encoding some
other rodent small RNAs (BC1 and 4.5SI) that acquired function, i.e. were
exapted (Brosius, 1999; Gogolevskaya and Kramerov, 2002; Wang et al.,
2005). Taxonomic distribution of these RNAs is limited to Rodentia order
(BC1) or several families of this order (4.5SI and 4.5SH); this fact
suggests quite recent emergence of these RNAs in evolution. Such RNAs
were previously named stenoRNA (Gogolevskaya and Kramerov, 2002).
In the mouse genome, 4.5SH RNA gene is a part of a 4.2 kb unit,
which is tandemly repeated and forms a cluster of 850 U localized on
chromosome 6 (Schoeniger and Jelinek, 1986; Kraft et al., 1992). In the
genomes of rodents of other families (hamsters, mole rats and
jerboas), 4.5SH RNA gene is also incorporated into a long repeat unit
(4.5SH-repeat). In the jerboa genome, this unit forms tandem repeats,
which indicates that such an organization is conserved in evolution
(Gogolevskaya et al., 2005).
4.5SH RNA genes contain an internal promoter, which consists of A
and B boxes and is responsible for transcription by RNA-polymerase III
(pol III). Similar type 2 pol III promoters exist in viral genes (VAI and II,
EBERI and II), tRNAs, and 7SL RNA genes, as well as in SINEs derived
from them. Boxes A and B are recognized by TFIIIC (a transcription
factor of pol III), which directly interacts with DNA. TFIIIC recruits
another transcriptional factor, TFIIIB, that engages pol III into
promoter complex (Schramm and Hernandez, 2002). For many
genes the internal promoter is enough for efﬁcient transcription
(Galli et al., 1981; Hofstetter et al., 1981; Perez-Stable et al., 1984).
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However, some genes with type 2 pol III promoter (e.g. 7SL RNA; (Ullu
and Weiner 1985), BC1 RNA (Martignetti and Brosius, 1995), G22 RNA
(Khanam et al., 2007)) require additional sequences in upstream
regions for transcription. Besides, 5′-ﬂanking regions can modulate
pol III transcription in many other genes (Dieci et al., 2007). In
particular, upstream TATA boxes contribute to transcription of many
yeast and plant tRNA genes, but these boxes are usually absent from
the upstream region of mammalian tRNA genes (Hamada et al., 2001;
Giuliodori et al., 2003).
Interestingly, upstream sequences of 4.5SH RNA genes in rodents
of different families have virtually no similarity (Gogolevskaya et al.,
2005). This suggests the insigniﬁcance of 5′-ﬂanking sequences for
transcription of this gene. However, here we found that upstream
sequences of mouse 4.5SH RNA gene are important for its transcription efﬁciency.
2. Materials and methods
2.1. Plasmid constructs
Most constructs were obtained using PCR with oligonucleotide
primers (see Supplementary Table 1). PCR products were puriﬁed by
electrophoresis in 4% agarose gel and cloned into plasmid pGEM-T
(Promega, Madison, WI, USA) following the manufacturer's protocol.
To prepare the constructs with random mouse sequences inserted
upstream of the 4.5SH RNA gene, total mouse DNA was digested with
NcoI and Eco RI and separated in 4% agarose gel. Fragments 50–100 bp
long were ligated into plasmid pT-Dir-PL-ins15-4.5SH digested with
the same enzymes. Plasmids were isolated using a variant of alkaline
method (Lee and Rasheed, 1990). All constructs were sequenced in
order to avoid nucleotide substitutions introduced during PCR.
2.2. Transcription in vitro
Transcription in vitro was performed as described by Weil et al.
(1979), using either whole Erlich ascite carcinoma (EAC) or HeLa cell
extract. Reaction mixture contained 0.5 μg plasmid DNA, 14 μl EAC cell
extract or 20 μl HeLa cell extract, and 12.5 μCi [α32P]GTP in a ﬁnal
volume of 50 μl of 10 mM HEPES, pH 7.9, 70 mM KCl, 2.5 mM MgCl2,
0.5 mM DTT, 3 μmol of ATP, CTP, and UTP, and 1.25 μmol GTP. The
mixture was incubated at 30 °C for 1 h. EAC nuclear extract was
prepared according to Dignam et al. (1983). After incubation, RNA
from the reaction mixture was puriﬁed by phenol–chloroform
extraction and precipitated with ethanol.
2.3. Cell transfection
Transfections were carried out in HeLa cells. Monolayer was grown
to 80% conﬂuency in 60 mm Petri dishes. Cells were transiently
transfected with 4.5 μg of plasmid DNA (4.5SH RNA gene or miniB2
construct) using ExGen 500 in vitro Transfection Reagent (Fermentas,
Vilnius, Lithuania) following the manufacturer's protocol. Co-transfection with 0.5 μg of SOR SINE-containing construct was used to
control the efﬁciency of transfection (SOR is a tRNA-derived SINE from
common shrew, family Soricidae (Borodulina and Kramerov, 2001).
The construct was prepared by Olga Borodulina from Sar4SA copy of
this SINE by means of adding pol III terminator at the 3′ end of the
SINE). RNA was isolated 20 h post-transfection using the guanidinium
thiocyanate method (Chomczynski and Sacchi, 1987). Following
ethanol precipitation, RNA was treated with 100 μg/ml RNase-free
DNase I at 37 °C for 30 min and puriﬁed by chloroform extraction.
2.4. RNA analysis
RNA obtained by in vitro transcription was fractionated by
electrophoresis in 6% PAAG containing 7 M urea. The gel was dried,

exposed against an X-ray ﬁlm and quantitated by Cyclone phosphoroimager (Perkin-Elmer Life Sciences Inc., Boston, MA).
RNase H analysis was carried out according to Carrazana et al. (1988).
RNA transcribed in vitro in EAC extract was treated with 100 μg/ml
RNase-free DNase I (Fermentas) at 37 °C for 30 min and puriﬁed by
chloroform extraction. Then RNA was incubated with one of the speciﬁc
deoxyoligonucleotides or without it. Oligodeoxynucleotide 5′-AGCGAACGGGCGCTGCTACG-3′ is complementary to 4.5SH RNA gene
upstream sequence in positions −20 to −1, and oligodeoxynucleotide
5′-CTTCAGCAAATCCTACCGG-3′ is complementary to 4.5SH RNA gene
sequence in positions +21 to +39. RNA/DNA hybrids were digested
with 10 U of RNase H (Applied Biosystems/Ambion, Austin, TX, USA) at
37 °C for 30 min, and RNA was analyzed with PAGE as described above.
RNA isolated from transfected cells was resolved by denaturing
electrophoresis in 6% PAAG and transferred onto Hybond-XL membrane
(GE Healthcare UK Ltd., Buckinghamshire, England) by semidry electroblotting at 5 V for 2 h. The 4.5SH RNA was detected by hybridization with
32
P-labeled probe obtained by PCR with primer #15 (see Supplementary
Table 1). The probe used for miniB2 RNA detection was described
elsewhere (Borodulina and Kramerov, 2008). The blot was incubated
with the probe in 50% formamide, 5× Denhardt solution, 4× SSC,1% SDS,
and 0.1 mg/mL salmon sperm DNA at 42 °C for 20 h. The membrane was
washed in 0.1× SSC and 0.1% SDS at 52 °C, exposed against an X-ray ﬁlm,
and scanned by Cyclone phosphoroimager.
3. Results
3.1. Substitution of 5′-ﬂanking sequence can dramatically change 4.5SH
RNA gene transcription
In most genes transcribed by RNA-polymerase III, the promoter is
located within the gene itself. To study whether the upstream ﬂanking
sequences affect the expression of the mouse 4.5SH RNA gene, four types
of constructs based on pGEM-T plasmid were created. One of the mouse
4.5SH RNA genes was cloned, and constructs containing the gene with
native 5′-ﬂanking sequences of various lengths but without 3′-ﬂanking
sequence were obtained by PCR. The ﬁrst and second constructs carried
this gene with the native 700 bp and 50 bp 5′-ﬂanking sequences. They
were designated nat700-4.5SH and nat50-4.5SH, respectively. Two
other constructs carried 4.5SH RNA gene without the native ﬂanking
sequences at all. In this case, the pGEM-T plasmid polylinker regions
adjoined either M13Dir or M13Rev sequences, which served as 5′ﬂanking sequences. These constructs were named pT-Dir-PL-4.5SH and
pT-Rev-PL-4.5SH, respectively (Fig. 1).
The constructs were transcribed in vitro using Erlich ascite
carcinoma (EAC) whole cell extract (Fig. 2a). The 4.5SH RNA gene
with native 5′-ﬂanking sequence was transcribed efﬁciently. The
difference in transcriptional intensity between the constructs containing 700 bp and 50 bp native ﬂanking sequence was only 7%.
Surprisingly, the gene ﬂanked on 5′-side by Rev polylinker was transcribed almost equally efﬁciently, whereas the construct with 5′ﬂanking Dir polylinker could not be transcribed.
These data did not allow us to conclude unambiguously about the
importance of the native speciﬁc 5′-ﬂanking sequence for 4.5SH RNA
gene transcription: out of the two random upstream sequences found
in these constructs, the ﬁrst (Rev polylinker) was compatible with
efﬁcient transcription, whereas the second (Dir polylinker) was not.
We are not aware of such data obtained with other genes transcribed
by RNA-polymerase III. This phenomenon could be attributed to the
source of the extract. Since most authors use HeLa cell extract for
transcription in vitro, we tested how our constructs are transcribed in
this extract. The results were similar to those of the experiment with
the EAC extract: the 4.5SH RNA gene with 5′-ﬂanking native sequence
or Rev polylinker was transcribed efﬁciently, while Dir polylinker
repressed the transcription almost completely (Fig. 2b). It should be
noted that the same results were obtained with nuclear EAC extract
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Fig. 1. Constructs containing mouse 4.5SH RNA gene used in this study. The direction of transcription is marked by an arrow; transcription terminator is shown as a black box. Pink
box, pGEM-T plasmid polylinker Dir sequence; light blue box, the pGEM-T plasmid polylinker Rev sequence; thin lines, the rest of plasmid sequences; yellow box, various fragments
of mouse DNA. Dark blue box, 15 bp synthetic DNA sequence containing an Eco RI site. The 5′-ﬂanking sequences, except Rev polylinker, are drawn to scale.

instead of whole cell preparation (data not shown). Thus, the opposite
effect on transcription of two different polylinker sequences does not
depend on the source and method of preparation of cell extracts.
3.2. Plasmid sequence Dir-PL represses transcription of other pol
III-transcribed genes
To analyze if the plasmid sequence Dir-PL inﬂuences other pol IIItranscribed genes, we created constructs based on mouse B2 SINE
sequence. We used the ﬁrst 65 bp of a mouse B2 SINE copy including A
and B boxes of the pol III internal promoter and a synthetic oligoT
terminator. This “mini-B2” sequence was inserted into plasmid pGEMT in two orientations (Dir and Rev) and the constructs were referred to
as pT-Dir-PL-miniB2 and pT-Rev-PL-miniB2, respectively.
In vitro transcription in EAC extract showed that the construct pTRev-PL-miniB2 was active, while pT-Dir-PL-miniB2 transcription was
only 7% of the pT-Rev-PL-miniB2 level (Fig. 2c). The result shows that
the plasmid sequence Dir-PL can repress not only the transcription of
4.5SH RNA gene, but also of other RNA pol III-transcribed genes.
3.3. Inﬂuence of different 5′-ﬂanking sequences on the 4.5SH RNA gene
transcription
We presumed that the inhibition of 4.5SH RNA gene transcription by Dir-PL sequence may be reduced if this sequence would

not adjoin the start of the gene. We created the construct pTDir-PL-ins15-4.5SH by inserting a 15 bp fragment containing an
Eco RI site between the Dir-PL sequence and the start of the gene
(Fig. 1). The level of in vitro transcription of this construct was
slightly higher than that of the original construct with Dir-PL
ﬂanking sequence (Fig. 3), yet it reached only 5–8% of the transcription level of the gene with native mouse ﬂanking sequence
(nat50-4.5SH).
We created seven constructs based on plasmid pT-Dir-PL-ins154.5SH (Fig. 1) by inserting 50–200 bp random sequences from the
mouse genome between Eco RI and NcoI sites upstream of the
4.5SH RNA gene (their nucleotide sequences are shown in Supplementary Fig. 1). All the constructs were able to be transcribed in
vitro by EAC extract (Fig. 3). Three of them demonstrated low
transcription level similar to plasmid pT-Dir-PL-ins15-4.5SH, whereas others were transcribed more efﬁciently (11 to 22% of transcription level of the construct carrying the native upstream sequence,
nat50-4.5SH).
Thus, depending on their effects on the 4.5SH RNA gene
transcription, 5′-ﬂanking sequences fall into the following types: (a)
sequences favorable for transcription (the native mouse 4.5SH-repeat
sequence and plasmid Rev polylinker sequence), (b) sequences
completely repressing the transcription (e.g. Dir polylinker), (c)
sequences moderately favorable for transcription (some of the mouse
sequences tested).
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Fig. 2. Transcription of constructs containing mouse 4.5SH RNA gene (panels a and b) and
miniB2 SINE (panel c) in whole cell extracts. a and c — Extract from EAC cells, b — extract
from HeLa cells. 4.5SH and mini B2 RNA are marked by thick and thin arrows, respectively.
The RNA bands in the upper part of the gel seem to be products of the transcriptional readthrough of the gene terminator. The amount of transcripts expressed as the percentage of
the maximum transcription is shown below the gel. М — Size marker.

3.4. Dir polylinker sequence deletions and their inﬂuence on in vitro
transcription of 4.5SH RNA gene
To further investigate the strong suppressing effect of Dir
polylinker sequence on the 4.5SH RNA gene transcription, three
constructs with various deletions of this sequence were obtained. To
delete DNA fragments, plasmid pT-Dir-PL-ins15-4.5SH was digested

Fig. 3. In vitro transcription of constructs consisting of 4.5SH RNA gene and mouse DNA
fragments inserted before the gene. The construct pT-Dir-PL-ins15-4.5SH contains a
15 bp synthetic DNA fragment with Eco RI site. Seven different 50–100 bp mouse
sequences were inserted between NcoI and Eco RI sites of this plasmid (lanes 1–7). The
amount of transcripts expressed as the percentage of the maximum transcription is
shown below the gel. 4.5SH RNA is marked by an arrowhead.

with Eco RI and one of the restriction enzymes whose sites are present
in Dir polylinker (NcoI, SphI, or ApaI). Thus, the following constructs
were prepared: pT-Dir-PL-NcoI/Eco RI-4.5SH, pT-Dir-PL-SphI/Eco
RI-4.5SH, and pT-Dir-PL-АраI/Eco RI-4.5SH, containing 15, 30, and
42 bp deletions of Dir polylinker sequence, respectively (Fig. 1).
In vitro transcription in EAC extract demonstrated that deletion of
the ﬁrst 15 or 30 bp of Dir-PL did not recover the 4.5SH RNA gene
transcription, whereas the deletion of the whole Dir-PL sequence
(42 bp) led to strong increase of the transcription level (Fig. 4a).
Additionally, the constructs pT-Dir-PL-NcoI/SphI-4.5SH without
the NcoI–SphI fragment of Dir-PL sequence and pT-Dir-PL-SphI/ApaI4.5SH without the SphI–ApaI fragment of Dir-PL sequence were
prepared (Fig. 1). In vitro transcription efﬁciency of these constructs
was very low (Fig. 4a). Thus, both distal and proximal parts of Dir
polylinker inhibit transcription.
Then the constructs with the substitution of the Dir-PL sequence
for the mouse 4.5SH RNA gene upstream sequence were created
(Fig. 1). The native DNA fragments had the same length as the
substituted Dir polylinker fragments: 26 bp from the start of the gene
to SphI site (construct pT-Dir-PL-Sph-nat-4.5SH) and 42 bp from the
start of the gene to АраI site (construct pT-Dir-PL-Ара-nat-4.5SH).
These constructs were efﬁciently transcribed in EAC extract. Therefore, even short fragments of the native mouse 4.5SH-repeat are able
to stimulate transcription (Fig. 4b). Besides the enhanced transcription, we observe a new 120 nt long transcript, which appears in
addition to the expected 94 nt transcript.
Additional long pol III transcripts usually appear due to inefﬁcient
termination. However, our 4.5SH RNA gene has a (dT)7 pol III
terminator, which must be very efﬁcient (Bogenhagen and Brown,
1981; Allison and Hall, 1985). Therefore, we assumed that the 120 nt
RNA resulted from a cryptic transcription start site located upstream the
gene. To test this hypothesis, RNase H analysis was used. An

Fig. 4. In vitro transcription of constructs containing 4.5SH RNA gene with partially
deleted 5′-ﬂanking sequence of Dir polylinker. (a) Fragments of DNA were deleted from
Dir polylinker sequence of the pT-Dir-PL-ins15-4.5SH plasmid by treatment with Eco RI
and NcoI, SphI or ApaI endonucleases. (b) Fragments of Dir-PL sequence from SphI or
ApaI site to the start of the gene were replaced by native sequences of the same length
from mouse 4.5SH-repeat. The amount of transcripts expressed as the percentage of the
maximum transcription is shown below the gel. 4.5SH RNA and an additional 120 nt
RNA are marked by thick and thin arrows, respectively.
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oligodeoxynucleotide complementary to the native 5′-ﬂanking
sequence (posi-tions −21 to −1) was added to transcription products
of pT-Dir-PL-Sph-nat-4.5SH and pT-Dir-PL-Ара-nat-4.5SH plasmids.
After RNase H treatment, the 120 nt RNA was converted into 94 nt
RNA (Fig. 5). This result suggests that the 5′-end of the 120 nt transcript
corresponds to the immediate upstream region of 4.5SH RNA gene.
Thus, the shortening of native mouse 5′-ﬂanking sequence of 4.5SH
RNA gene to 42 bp results in the transcription of some RNA molecules
from an upstream site.
3.5. 4.5SH RNA gene transcription in the HeLa cells
To test the role of 5′-ﬂanking sequence in 4.5SH RNA gene
transcription in vivo, we used the transient transfection in HeLa cells.
This cell line was chosen because human cells have no endogenous
4.5SH RNA. In our initial experiments, we were faced with a problem:
4.5SH RNA could not be detected by Northern blot analysis in the
transfected cells. It seems to be due to the short life time (T1/2 b 45 min)
of this RNA (Schoeniger and Jelinek 1986). In mouse cells, 4.5SH RNA is
easily detected because of high steady-state concentration of RNA
transcribed from multiple copies of the gene. To overcome this problem,

Fig. 6. Results of transient transfection of HeLa cells with constructs containing either
4.5SH RNA gene or miniB2 SINE. The 5′-ﬂanking sequence is indicated at the top of the
lanes. Cells were co-transfected with the SOR SINE-containing plasmid (see Materials
and methods) as an internal control. All three types of RNAs (4.5SH, miniB2, and SOR)
were detected by blot hybridization.

three single nucleotide substitutions were introduced in the region
preceding the transcription terminator of the gene. The RNA synthesized
from such modiﬁed gene was easily detected in transfected cells,
probably because of its longer lifetime (Koval and Kramerov, unpublished data). HeLa cells were transfected with constructs composed of
such a gene with one of the three upstream sequences: (i) 50 bp native
sequence from mouse 4.5SH-repeat (construct nat50-mut4.5SH), (ii)
Dir polylinker (pT-Dir-PL-mut4.5SH), and (iii) Rev polylinker (pT-RevPL-mut4.5SH). Only the gene with native upstream sequence was
transcribed in HeLa cells (Fig. 6). Thus, the requirements for upstream
sequence of 4.5SH RNA gene are more stringent in vivo than during in
vitro transcription.
We carried out a similar experiment with the miniB2 constructs
(see above). Interestingly, both miniB2 sequence ﬂanked on the 5′side by Dir and Rev polylinkers could be transcribed, but the
construct pT-Rev-PL-miniB2 was transcribed much more efﬁciently
than pT-Dir-PL-miniB2 (Fig. 6). Thus, it appears that the transcription
of B2 SINE is less sensitive to 5′-ﬂanking sequence than the 4.5SH
RNA gene.
4. Discussion

Fig. 5. The 120 nt RNA is synthesized from new transcriptional start site in the upstream
region of the 4.5SH RNA gene with short (up to 42 bp) 4.5SH-repeat region as 5′ﬂanking sequence. (a) Scheme of the experiment. The gene is shown as a black box. The
transcription start sites are marked by arrows. Oligodeoxynucleotides are depicted as
wavy lines. Three variants of the reaction are present: with oligonucleotides complementary to upstream (1) or internal (2) gene sequence and without any
oligonucleotides (3). (b) Results of RNase H analysis. Numbers above the lanes indicate
variants of the reaction. 120 nt and 94 nt transcripts are marked by thin and thick
arrows, respectively. М — Size marker.

In early studies of pol III transcription of the genes with type 2
promoters (e.g. X. laevis tRNA(Met) and tRNA(Leu), VAI RNA), only
boxes A and B were considered necessary for initiation, and it was
assumed that ﬂanking sequences did not affect the transcription (Galli
et al., 1981; Hofstetter et al., 1981; Rohan and Ketner, 1987). Similar
data were obtained for transcription of Alu repeats as an example of
SINE sequences (Perez-Stable et al., 1984). However, it was found later
that the transcription of many genes (e.g. 7SL RNA, a number of tRNAs,
and some Alu copies) by pol III was inﬂuenced by 5′-ﬂanking
sequence (Ullu and Weiner, 1985; Martignetti and Brosius, 1995;
Chesnokov and Schmid, 1996; Shaikh et al., 1997; Roy et al., 2000;
Dieci et al., 2007; Khanam et al., 2007). Therefore the signiﬁcance of
the 4.5SH RNA gene upstream sequence for its transcription was of
undoubted interest.
Our in vitro experiments showed that high level of the transcription of constructs containing 4.5SH RNA gene with native 5′-ﬂanking
sequence can dramatically decrease after substitution of this
upstream sequence. We classiﬁed the 5′-ﬂanking sequences according
to their inﬂuence on 4.5SH RNA gene transcription efﬁciency: (i)
sequences favorable for transcription (native sequence present in the
4.5SH repeat and plasmid Rev polylinker sequence); such upstream
sequences provide the efﬁciency of 4.5SH RNA gene transcription
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similar to that of other pol III-transcribed genes, for example B2 SINE
(Fig. 2c) or 4.5S1 RNA (unpublished data) (ii) sequences repressing
the transcription completely (Dir polylinker); and (iii) sequences
moderately favorable for transcription (some of the mouse sequences
tested). In addition, our data highlight the role of the plasmid
sequences in designing the constructs for pol III transcription
experiments.
Thus, the native mouse upstream sequence is not the only one
which is able to activate 4.5SH RNA gene transcription in vitro: there
are other DNA sequences that assure efﬁcient transcription of this
gene. Incidentally, this observation is in good agreement with high
variability of 4.5SH-repeat structure in evolution. There are some
requirements for the structure of 5′-ﬂanking fragment of 4.5SH RNA
gene for efﬁcient transcription in vitro, but these requirements are not
very stringent.
Dir polylinker is an example of sequence with strong negative
effect on the 4.5SH RNA gene transcription. A priori such effect could
be explained by inhibitory inﬂuence of the Dir-PL sequence or by the
absence of an activation region there. These two explanations are not
necessarily mutually exclusive, and both mechanisms can contribute
to this effect. Comparative sequence analysis revealed no speciﬁc
motifs in the upstream regions of different constructs tested in this
work (Supplementary Fig. 1). We did not ﬁnd any correlation between
the level of transcription and speciﬁc features of 5′-ﬂanking sequence,
such as GC content, palindromes, and simple sequences. None of the
constructs contained any signiﬁcant similarity to TATA box within
50 bp of 5′-ﬂanking sequences. The only exception was plasmid pTDir-PL-АраI/Eco RI-4.5SH, which had a TATA in positions −20 to −17,
and probably this sequence promoted active transcription of this
construct. Thus, it remains unclear which features of upstream
sequences determined the inhibition or activation of transcription.
In any case, our data suggest that a wide range of DNA sequences
ﬂanking the 5′-side of the 4.5SH gene inﬂuence the activity of its type
2 promoter of RNA-polymerase III.
Partial replacement of the native 4.5SH-repeat sequence with DirPL sequence resulted in the appearance of a new 120 nt transcript. We
found that it was synthesized from a new transcription start site
located about 30 bp upstream from the 4.5SH RNA gene. Thus, the
50 bp native upstream sequence is necessary for precise determination of the transcription start site, whereas shorter 5′-ﬂanking native
sequence could not provide accurate transcription.
Our study of 4.5SH RNA gene with various upstream sequences
revealed the difference between the transcription of this gene in vitro
(cell extract) and in vivo (in HeLa cells). Only the construct with
native 5′-ﬂanking sequence was able to be transcribed in the whole
cells. This result demonstrates that the requirements for the 4.5SH
RNA gene up-stream sequence are more relaxed for in vitro than in
vivo transcription. Most probably, transfection experiments provide a
more accurate model of gene transcription in nucleus than transcription in cell extract.
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