DNA
ystematics

Volume I:
Evolution

Editor
S. K. Dutta, Ph.D.
Protessor
Departments of Botany,
Genetics and Human Genetics,
and Oncology
Howard University
Washington, D.C.

Chapter 4
ANALYSIS OF SMALL RNA SPECIES: PHYLOGENETIC TRENDS

Mirko Beljanski and Liliane Le Goff

CRC Press, Inc.
Boca Raton, Florida



nologous

d nedar 5'
4, 4748,

\ operon
¢ of 23S
e TRNA
-ne from
e cluster
tobacco
cnes on
INA of

:tion of
transfer

“wcnmis
from a

! RNA:
1 4.58

wcleic
-unsfer
1976.
rRNA
acum

oplast

ur. J.

ibunit
iarge
asma
25 of
Aof

| for

B

Volume [: Evolution 81

Chapter 4
ANALYSIS OF SMALL RNA SPECIES: PHYLOGENETIC TRENDS

Mirko Beljanski and Liliane Le Goff

TABLE OF CONTENTS

L. INtOAUCHION sx cmimns sims s smwamame s e s e S T SRR A, 500 3 5 mreim o i o miecmron 82
11. Transfer RINAS . ..ot e e e e 82
A. (3200 L 15 o T N ST O U 83
I1I. S5 Ribosomial RNA s cumimes saw s smmemnmsi «emms e s 550 aem s s ds sawy o 85
A Secondary Structure of 5S tRNA ... ... i 85
B SSTRINA Gene ... e 85
C The Biological Function of 5S rRNA ... 86
D A Common Ancestral Gene for tRNA and 58 rRNA?.................... 87
VL © 5:88 Ribosomal RNA sovevnsran s om it s iaitimmmssiss s5 e fa sai e Sim baios voeaais 87
V. o TS RNA SHUCIUIE <ottt ittt et et ettt e et e e 88
A. Biological Activity of 7S RNA . ... 88
VI.  Small RNAs Transcribed from Plasmid .............oooiviiiiiiiiiiiiiiiiinienn. 88
VII. Small RNAs in Cells Infected with Virus..........ccoiiiiiiiiiiiiiiiiiiennaan, 89
A. Retrovirus Associated Small RNAs. ......ooiiiiiiiiiiiiiiiiiiieee 90
B. Viroid RNA Molecules.........oiiiiiiiiniiiii i 90
VIII. Low-Molecular-Weight Nuclear RNAS .......ooiiiiiiiiiiiiiiiiiiiiieeans 90
A. Phylogenetic Trends of USn RNAS......c.ooiiiiiiiiiiiiiii e 9]
IX.  Other Small RNAs in Prokaryotes and Eukaryotes..........ccoevvvveionnan... 91
X. Small RNA Molecules and Oligoribonucleotides as Primers for DNA
Replication, Transcription, and Translation ...........cooiiiiiiiieiiiiiiiiens 92
A. Small RNAs in the Translation Process ..........coiiiiiiiiiiiiiiannen 93
B. Free Intervening Sequences from Genes and Pseudogenes as Active
Biological Molecules? .........ooiieiiiiiii i 94
C. Small RNAs: Molecular Selfreplication ............oooiiiiiiiiiiaiiinnn. 95
D. Transcription of Small Cellular RNAs into DNA...........ooiiiiiinnes 95
X1, Concluding Remarks ...........iuuiiniiite e iiaeiainaeeeaeenns T 96
References



AR g m™ i+ e o oy

82 DNA Systematics

I. INTRODUCTION

Genetic information in eukaryotes and prokaryotes is stored in DNA molecules whose
specific segments are transcribed by appropriate polymerases into various types of RNAs:
messenger RNA (mRNA), ribosomal RNA (rRNA), transfer RNA (tRNA), and many other
small RNAs (50 to 360 nucleotides). Information in viruses is stored either in DNA or RNA
strands. A large variety of small RNAs is present in the nucleus of eukaryotic cells and/or
in the cytoplasm of mammals, plants, viruses, and bacteria. The variety of these RNAs, as
well as their *‘constant’’ or supposed engagement in various biological processes, raises the
question of their possible phylogenetic relationship. Phylogenetic measurement, extensively
accomplished for rRNAs from different species, has also been studied for various small
RNAs. Thus, sequence data of cytoplasmic 5S rRNAs from metazoan somatic cells have
been used to analyze the phylogenetic relationships. Many small RNAs have been charac-
terized by sequence analysis, and by physical means, for some of them by proposed or
estabiished biological activity. Thus, purine-rich small RNAs stimulate the translation of
mRNA' while others induce the transformation of bacteria.*

The widespread existence of endo- and exonucleases in all living organisms forces one
to consider the participation of these enzymes in producing small RNAs which are more or
less rich in purine or pyrimidine nucleotides. Some of these enzymes are involved in the
formation of mature ‘‘mosaic’’ messenger RNAs, rRNAs, tRNAs, etc., which leaves in-
tervening sequences ‘‘unused’’.

The over-production of rRNAs before cell division and their disappearance as soon as
cell multiplication begins®* raise the question of the function of so many extra copies of
rRNAs. They may be the target for specific nucleases which deliver different small RNAs,
as in the case of 5.85 rRNA emergence from prokaryotic 23S rRNA. Small RNAs interfere
through base pairing with large DNA and/or RNAs during synthesis of cell constituents,
cell multiplication, and differentiation.>* '

Small RNAs can be synthesized de novo from ribonucleoside-5'-triphosphates by Esch-
erichia coli QB replicase, an enzyme which also replicates QB RNA template, as well as
satellite RNA of QB virion. Polynucleotide phosphorylase (PNPase) from bacteria can also
synthesize RNA from ribonucleoside-5'-diphosphates.® These facts and the observation that
small RNAs from different origins can be transcribed into DNA, contribute to modifying
notions about the origin and flow of information in cells. For these and other reasons,
scientists have thus studied small RNAs and have visualized their possible participation in
the creation of new genes and/or pseudogenes. In this chapter, we shall attempt to give an
overview of many different small RNAs by describing their chemical and physical properties
as well as their evident, or possible biological role. The phylogenetic trends between these
RNAs will be evaluated on the basis of sequence data since at the present time the biological
functions of the majority of small RNAs are unknown.

II. TRANSFER RNAs

Present in all living organisms, transfer RNAs are small molecules (#75 nucleotides).
They bind activated amino acids, recognize a three-base **codon’’ (in mRNA) which specifies
a particular amino acid, and deliver that amino acid to be incorporated into the polypeptide
chain. Alanine transfer RNA (tRNA,,,) was the first RNA to be sequenced.” and its secondary
structure has been proposed (cloverleaf diagram) (Figure 1). The importance of the structure,
cenformation, and interaction of tRNAs with other molecules was recently reviewed.* There
are about 40 functionally different kinds of tRNAs which seemingly have a complicated
molecular geometry and which appear to be of very ancient ancestry.” All tRNAs contain
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FIGURE 1. Schematic representation of conformation of the alanine IRNA with short

double-stranded regions. (From Holley, R. W. et al., Science, 47, 1462, 1965. With permission.)

tRNAs: (1) the presence of unusual bases — pseudouracil, dihydrouracil, hypoxanthine,
ribothymine, thiopyrimidines, and various methylated purines; (2) terminal sequences —
CCA; and (3) several “‘invariant’’ and *‘semivariant’’ residues located in the same relative
position.'® The importance and function of modified nucleotides in tRNAs have been re-
viewed.'" The sequences of about 120 tRNAs from different biological systems have been
determined.'? There exist tRNAs which initiate protein synthesis; in eukaryotes one tRNA
carries methionine and in prokaryotes N-formyl methionine. Since their discovery,'* the
biological activities of tRNAs have been extensively studied in vitro and in vivo."

A. tRNA Genes

Eukaryote and prokaryote tRNA genes are transcribed from DNA as independent units
by RNA polymerase III first as precursor transcripts'>'? (Figure 2). The tRNA precursor
cannot be amino-acylated in vitro.*® The tRNA, transcription unit was studied in particular
detail because the corresponding gene was synthesized in vitro by chemical and enzymatic
means and introduced under in vivo conditions where it functioned correctly.?'-** Cloned
tRNA genes, injected into the large oocyte nucleus of Xenopus® can also generate correct
tRNAs. The number of tRNA genes varies according to species. The haploid yeast genome
contains about 300 tRNA genes,** Drosophila, 600,* and Xenopus, 8000.%

In yeast mitochondria (mt), tRNA genes are clustered,?” while in HeLa cells and Xenopus
they appear to be dispersed.”?* mt DNA encodes tRNAs which are different from those
transcribed in the nucleus (UU in the D stem replaces GU base pairs).*® Since the degree
of homology of mammalian mt tRNAs with non-mt species is between 30 and 50%, the
integration of mitochondrial sequences into tRNA evolutionary trees is difficult, although
mt t(RNA genes are highly conserved.” Clustered or dispersed tRNA genes are several times
larger than one tRNA length.** Several steps in the splicing of the precursor transcripts are
required to obtain mature tRNA. The -CCA sequence present in all mature tRNAs is not
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FIGURE 2. Nucleotide sequence of a precursor to E. coli tRNA"". (From Altman, S
and Smith, J. D., Nature (London) New Biol., 233, 35, 1971. With permission.)

not present but appear to be in E. coli.'”** They are added later by a nucleotidyl-transferase.
The intervening sequences which are transcribed within tRNA genes differ according to the
tRNA species and all contain high A + U base composition (A + U/G + C = 2/1)."

In prokaryotes tRNA genes are clustered and transcribed in *‘in vivo’’ conditions as
multicistronic precursor molecules. Transcription starts at the first tRNA gene in a gene
cluster and terminates at the last gene. Subsequently, the 5° and 3’ flanking sequences are
removed, liberating mature tRNA.*

In retroviruses tRNA molecules are present in large quantities.’®** About 200 tRNA
molecules are selected from the host cell and included in a virion particle. Most tRNAs
bound with 18S or 28S rRNA are unable to accept amino acids unless they are first released
by heat treatment. This indicates at least one set of common sequences between tRNAs and
rRNAs.

It should be noted that phylogenetically related vertebrates show more similar tRNA-
rRNA interaction than do phylogenetically distant vertebrates.*' tRNA serving as a primer
for the reverse transcriptase of genomic RNA of a type C retrovirus binds to 28S rRNA of
its host.** Nucleotide sequences characteristic of these tRNAs also play a role in the binding
of tRNA to 55 rRNA.*

Retrovirus tRNA-host rRNA hybridization shows that nucleotide sequence of rRNAS
binding the tRNAs are different among various vertebrates. Similar results were obtained

with retrovirus genome RNAs, thus indicating a certain degree of nucleotide recognition
hatursan ratravime arnnme RN A< and rRNAc¢ with tRNA
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[II. 5§ RIBOSOMAL RNA

5S rRNA was first discovered as a component of a 50S ribosomal subunit of E. coli,*s
and thereafter it was further analyzed.* The sequence of that 5S rRNA was determined by
Sanger et al. in 1968,*” and since then many prokaryotic and eukaryotic 5S rRNAs have
been - sequenced. Mammalian 5S rRNAs are considered to be practically identical.** This
RNA contains about 120 to 121 nucleotides but no methylated or otherwise modified nu-
cleotides. 55 rRNA is transcribed by RNA polymerase Il from multiple structural genes.
The in vitro synthesized product was identical to 5§ rRNA transcribed from plasmid DNA
which contains the X. laevis oocyte 5S gene.* In vitro hybridization of transcribed 5S rRNA
with DNA fragments obtained by Eco RI digestion of calf thymus DNA shows that it
originates in DNA. Calf thymus chromatin used as an in vitro template does not deliver 35
rRINA.*?

The number of nucleotide substitutions between 5S rRNAs from vertebrates and inver-
tebrates varies to a significant degree. The 5S rRNA sequences are identical between different
genera but are distant from those which belong to the different order. Nucleotide sequences
of 58 rRNA from the sponge which is the simplest form of multicellular animals are closely
related to invertebrates. Tunicate has affinity to vertebrates.* The phylogenetic positions of
55 rRNA from these two species among metazoans were derived from the 5S rRNA sequences
by a computer analysis based on the maximum parsimony principle. This method utilizing
information contained in the sequence data differs from the conventional taxonomy.

A. Secondary Structure of 5S rRNA

To obtain information about evolutionary changes, it is important not only to compare
sequences of 5S rRNAs, but also to establish the secondary structure of this molecule from
different species. The archaebacterial 5S rRNA secondary structure resembles typical bac-
terial 58 rRNA more than the eukaryotic 5S rRNAs do.* These observations support the
view that the secondary structure of the 5S rRNA remains the **same’’ in the corresponding
site of the stem and has been conserved throughout evolution, although the primary structure
of these RNAs has undergone changes.*

Recently, with 17 prokaryotic 5S rRNAs used for comparison, a general model for the
secondary structure of 5§ rRNA has been proposed.** In this model eight double helical
regions seem to be present and involved in the function of 58 rRNA (Figure 3).

B. 558 rRNA Gene

The genes of 55 rRNA are located in clusters at the telomeres of practically all chro-
mosomes. DNA containing the oocytes 5S rRNA genes has been isolated from X. laevis
and characterized. One 5S gene is part of a larger repeating unit in the DNA.* Sequences
of the purified 5§ DNA of X. laevis have been determined,™ and the primary structure of
the repeating unit in oocyte 55 DNA has been described.*-5 The spacer sequences differ
in base composition and internal repetitiveness. The 5S rRNA genes appear to evolve as a
unit. The spacer sequence which is part of the repeating unit in a tandem gene cluster is
not part of the gene.*®

In the 55 DNA, the sequence coding for 5S rRNA alternates with a *‘spacer’ region
about 6 times as long.* It has been shown that in a cloned oocyte 5S DNA fragment from
X. borealis, three 58 rRNA genes are separated by about 80 nucleotides.™” RNA polymerase
[II binds to a *‘control region™ that differs from promoter regions in prokaryotes. The
enzyme correctly transcribes in vitro 55 rRNAs from cloned 58 DNA fragments. Although
Xenopus and mammalian 55 rRNAs represent each a single homogencous RNA of 120
nucleotides, they differ by 8 nucleotides.™ The 58 rRNA sequences of all mammals that

| e S G 1 1 l



86 DNA Svstematics

N
® ©MD® sccs
R GCGRRRAGCAC CCGU u
® u CGYYYYUCGUGGGCA g

f\ AAUAA AAGC

A *UYURGUGRYG
. LGRAYCGYYGO

¥

o—oa—

s CCPAUGEYAL irecen™
~GG YGUYCCCN

®A&SG>AGAR @ N
B © GUCC© ® YCCCAU

U GCGCRRUGCACCUGA

l

N

(2]

® R, CGUGYYGCGUGGACU G
5 C \ AAA AA AAGC
B UGCYUGGCGG
. ACGRACCGUC (
LB A
3 i QEGAUGGUAGUGUGGGGUC
ACCCC
6 GG, ,acag COUACCCC

®

FIGURE 3. Schematic representation of conformation of 5§ rRNAs from Gram positive
bacteria (A) and from Gram negative bacteria (B). (From Swudnicka. G. M. etal.. Nucleic
Acids Res., 9, 1885, 1981. With permission.)

5S rRNA sequence in the chicken differs from the mammalian sequence by three base
substitutions, two nucleotide additions, and two deletions. The sequence of 5S rRNA from
Bacillus megaterium is related to that of B. stearothermophilus but differs by 23 base
replacements and is 3 nucleotides shorter.*

The nucleotide sequence of 5S rRNA of vertebrates is apparently conserved throughout
evolution. 5SS DNA from different species and mouse satellite DNA have undergone frequent
unequal homologous or nonhomologous crossing over during evolution. It-has been sug-
gested that spacers and particularly repetitive sequences are “‘critically important’’ to both
the stability and the evolutionary flexibility of the multigene family. The introduction of the
development of repetitive spacers would tend to enhance the overall duplication/deletion
rate in a multigene family.** According to these authors, there is a greater divergence of
spacers than of gene sequences in homologous 5S gene clusters of different Xenopus species.
This suggests that the somatic and oocyte genes present in the thousands of copies in Xenopus
have evolved essentially as separate lines. The difference between 5S rRNA from Xenopus
somatic and oocyte genes is 6 nucleotides.® The Xenopus somatic type 55 rRNA does not
comprise more than 3% of the genes within 58 DNA. The 55 DNA of chicken embryo
fibroblasts delivers an RNA copy of 121 base pairs and spacers of an approximate overall
average length of 750 pairs.®

C. The Biological Function of 58 rRNA

Reconstitution experiments have demonstrated the importance of 58 rRNA as a structural
component in the 50S ribosomal subunit.***! 50S ribosomes that reconstitute without 58
rRNA are void of several proteins and show greatly reduced biological activity. All prokaryote
5S rRNAs tested were active in reconstituting B. stearothermophilus 50S ribosomal subunits,

e . . f MATA nen




¢ base
A from
3 base

ighout

requent

en sug-
to both
n of the
Jeletion
ence of
species.
{enopus
enopus
loes not
embryo
- overall

‘ructural
hout 58
Karyote
ubunits,
NA are

o e S AL

(At g s irtal

ksl Ll B

gy AR il b

i L
P S

Volume I: Evolution 87

C
XpppGUGCU GcYy
CACGA CG5C
U
G*
c
¥ e
U sanv vocarceeal®e? Suu BecucerComenu® C,
UUUOUA ACCUUGE GUG CW UAAA C G ACm G mfGGAm , C
u G,A C  AUA A

FIGURE 4. Primary and secondary structure ol 5.8S rRNA [rom the silkgland of Bombix
mori. (From Fujiwara. H. et al. Nucleic Acids Res.. 10, 2415, 1982, With permission. )

Although the participation of 55 rRNA as a structural component of 50S ribosomes has
been demonstrated, no particular activity was assigned to this RNA. However, it has been
shown that 5S rRNA isolated and purified from rabbit reticulocyte ribosomes exhibits a
strong inhibitory effect on the translation of mRNA in a cell-free system. Used in nanogram
quantities, 5S rRNA provokes a substantial polysomal breakdown in the presence of ATP
and polysomes.®*** It was suggested that 5S rRNA may play a role in the peptidyl-transferase
activity, where the RNA in question may serve as an intermediate acceptor of the growing
peptide chain.®® It was also assumed that 5S rRNA contributes to the movement of the
ribosome relative to mRNA. So far, the biological activity of 5S rRNA has been rather
poorly established in comparison to analytical data accumulated for its primary and secondary
structure.

D. A Common Ancestral Gene for tRNA and 55 rRNA?

The possible origin of 58 rRNA and tRNA has been considered from the evolutionary
point of view.*” First, precursor tRNA molecules are about the same length as the 55 rRNA. .
Second, 5S rRNA and tRNA have a similar nucleotide composition® and an homology in
the secondary structure.®? Third, many tRNAs exhibit a high degree of sequence similarity
(60% homology) with E. coli 5S rRNA. The first half of the tRNA sequence exhibits
homology with the latter half of the 55 rRNA sequence. An extensive homology exists
between several of the tRNAs and the 5S rRNAs from E. coli, human KB carcinoma cells,
and Pseudomonas fluorescens. All these data lead to a hypothetical model for the origin of
tRNA and 5S rRNAs in a common ancestral gene.®

IV. 5.85 RIBOSOMAL RNA

The 5.8S rRNA has been found as a component of the large ribosomal subunit of pro-
karyotes and eukaryotes.*” In prokaryotes, 5.8S rRNA appears to evolve from the 5" end
of 23S rRNA.™ In eukaryotes, 5.8 rRNA (160 nucleotides) has been also found in the
large ribosomal subunit where it is base paired with the 28S rRNA molecule.®™ The
nucleotide sequences of 5.85 rRNA (Figure 4) from over 10 very different species have
been reported.” The 5.8S rRNA of the silkworm Bombyx mori is at the 5" terminal sequence
several nucleotides longer than those of other organisms. Since this RNA is base paired
with 28S rRNA it would be fascinating to discover how the 5.85 rRNA interact with the
285 rRNA containing the hidden break.™

In yeast at all events 5.85 rRNA seems to derive from 7S RNA through enzymatic
cleavage.® Yeast 5.8S rRNA has been sequenced. It is capable of binding E. coli 55 rRNA
binding proteins L18 and L25. The binding complexes have ATPase and GTPase activities.”
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Although it has been suggested that the eukaryotic 5.85 rRNA may play a role in protein
synthesis,™ its biological function remains to be clearly established. This might help to
determine to which extent 5.8S rRNA was involved in molecular evolution as well as in
the evolution of different species.

V. 7S RNA STRUCTURE

7S RNA was first isolated from eye lens™ and was thereafter found as a component in
normal higher eukaryotic cells: human, rat, murine, chicken,” and invertebrates. 7S RNA
in RNA viruses’ is derived from the host. Fingerprints of 7S RNA containing 295 nucleotides
(GC content = 60%) from various species and viruses showed an extensive homology. The
structure of 7S RNA appears to have been conserved throughout evolution, although there
is no consensus about its subcellular localization. It is worthwhile noting that the 5’ ends
of 7S RNA and that of La 4.55 RNA have extensive (60 to 70%) homologies.”” About 90
nucleotides of the 5" ends of 7S RNA are homologous with Alu-DNA sequences which are
a class of repetitive DNA first found in mammals. These sequences are rich in GC bases
(63%). In addition, 45 nucleotides at the 3" end of 7S RNA have been found to be homologous
with Alu-DNA sequences. One 300 nucleotide long Alu family sequence contains two binding
sites for 75 RNA.”7 The significance of this interaction is not understood. 7S RNA from
Novikoff hepatoma has been sequenced.”™ The human 7S L rRNA is heterogeneous within
the population of one cell line.*" This suggests that the 7S L rRNA is encoded by several
nonidentical genes.

A. Biological Activity of 7S RNA

Different biological activities of 7S RNA have been suggested. Thus, 7S RNA isolated
from eye lens™ is capable of binding activated amino acids. This RNA, rich in GC pairs
(G + C/A + U = 1,9), does not contain pseudouridine and differs from transfer RNA in
its size and nucleotide composition. No further investigations have been carried out with
this RNA to determine its participation in protein or peptide synthesis. Purified 7S RNA
from chicken embryos plays a direct role in heart tissue differentiation and development.**#?
Since a portion of 7S RNA sequence is homologous to sequences at the origin of DNA
replication, it was suggested that 7S RNA may play a role in DNA replication. This may
be possible and it should be feasible to demonstrate experimentally whether or not before
acting as primer 7S RNA undergoes degradation in order to furnish smaller molecules whose
size range is similar to that of RNA primers.

It has been suggested that the 7S L rRNA might be involved in the transport of mRNA
from the nucleus into the cytoplasm.?' Also 7S L sequenced cytoplasmic RNA appears to
be involved as a constitutive and indispensable part of the signal recognition particle.** Since
7S RNAs do not seem to encode proteins, they probably play a structural role; however,
the biological function of 7S RNAs remains to be firmly established in vitro and in vivo.

VI. SMALL RNAS TRANSCRIBED FROM PLASMID

Plasmid DNAs have been shown to code for several low molecular weight RNAs.
The in vitro transcription by RNA polymerase starts at two sites on the plasmid DNA (Col
El DNA).* The transcript which starts at one of the sites may be cleaved by RNase H. It
is involved as primer in DNA replication. Transcription from the other site on DNA leads
to RNA [ which inhibits the formation of the RNA primer that exhibits its effect only on
homologous DNA template. The RNA 1, containing 108 nucleotides, is without effect on
initiation of transcription, clongation of RNA chains, or the processing of performed pre-
cursors. RNA I is transcribed from DNA and may inhibit the formation of a RNA-DNA
hybrid which is a substrate for RNase H.

5 ks 25T
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Plasmid containing mini-cells synthesize the RNA of about 4S to a considerable extent.*’
Multiple drug-resistant plasmid NRI codes for about 10 small RNAs ranging from 60 to 120
nucleotides. They have been characterized by RNase TI fingerprinting. Some hybridize with
RNI DNA digested with restrition endonuclease, indicating that they originate in *‘the
resistance transfer factor region of the plasmid genome. " Several of these small RNAs are
associated with DNA fragments that contain origins of replication.* One stable species of
these RNAs migrates at the position of host tRNA. This component contains about 75
nucleotides carrying terminal-CCA residues at 3'. No modified bases have been detected.
Thus, this small RNA is not tRNA. Since it has a-CCA residue, one should determine if it
is capable of binding amino acids. Two 5SS rRNA have been identified. They have no
similarity with E. coli 5S rRNA.* Two RNA species contain 60 to 65 nucleotides possessing
PUUAAGpP at 5', which indicates that they were not primary transcripts; they possibly
resulted through nuclease action on larger RNAs (absence of 5'-PPP). It has been suggested
that they might serve as primers for plasmid DNA replication. Curiously enough, a small
RNA of about 60 nucleotides has been found solely in the nucleus of plasmid-infected cells.
Using a constructed plasmid DNA carrying the 32 nucleotide intervening sequence, it was
possible to demonstrate that this small RNA is complementary to an intervening sequence.
Sixty nucleotide RNA does not possess a 5'-terminal cap. In contrast to the nucleus, the
cytoplasm of uninfected cells contains several small RNA species: 185, 160, 87, 77, and
73 nucleotides. The most abundant is an RNA with 185 nucleotides. These RNAs would
seem to act in the translational process. However, direct proof is still unavailable.

VII. SMALL RNAs IN CELLS INFECTED WITH VIRUS

Low-molecular-weight RNAs have been found in cells infected with the SV40 virus,
Epstein-Barr virus, vesicular stomatitis virus,** and defective interfering particles of the
vesicular stomatitis virus.?' In vesicular stomatitis virions, three small RNAs (28, 42, and
70 nucleotides) have been synthesized in vitro in addition to the 47 nucleotide leader se-
quence.” The 47 nucleotide RNA has been sequenced, and three other small RNAs contain
(P) ppAA at their 5" terminal. These RNAs are not polyadenylated.

Two species of small RNAs have been found as primary transcripts of the adenovirus 2
Ad-2 genome.” Two other species of RNAs (140 bases) appear to be degradation products
of viral RNAs. Ad-2 viral small RNAs appear not to be involved in processing adenovirus
hnRNA.

A small RNA (50 nucleotides) found in cells co-infected with a standard vesicular stomatitis
virus and its interfering particles™ has sequences complementary to the genome of the
defective particles. It does not possess poly A residues and its function is unknown. Ap-
parently its synthesis correlates with the replication of the DNA of defective interfering
particles. In contrast, RNA species that have been found in cells infected only with the
vesicular stomatitis virus range in size from about 46 bases to 12 kb.* Forty-six bases RNA
synthesized in vitro has the following sequences:”

5'(pp)pACGAAGACCACAAAACCAGAU
AAAAAAUAAAAACCACAAGAGGG(U)C,, 3

““This sequence is identical to the sequence at the 5” end of the infectious vesicular stomatitis
virus RNA and is complementary to the sequence of the 3'OH terminus of this defective
interfering particle genome RNA."™* It should be emphasized that purines are largely in
excess over pyrimidines (Pu/Py = 3.0) in this small RNA. Purine-rich RNAs (obtained by
degradation of E. coli rRNA with pancreatic RNase) and containing 46 nucleotides are
actively involved in hematopoiesis, stem cell genesis, and differentiation in animals or
humans.***7
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Small RNAs are encoded by some viruses and expressed during late lytic infection. Small
cytoplasmic RNA from cells infected with SV40 virus is 65 nucleotides in length and contains
pyrimidine rich sequences (U = 43%; C = 33%: G = 12%: A = 12%). Several clusters
contain 5 to 7 pyrimidines. one has 11. This RNA is homologous with the SV40 early
mRNAs.* It may be involved in the control of late transcription. It should be stressed that
pyrimidine rich small RNAs inhibit protein in vitro biosynthesis.'

A. Retrovirus Associated Small RNAs

Several small RNAs represent a discrete subclass of the complement of small host RNAs.%
The 4.58 RNA has been found associated with Moloney leukemia virus and spleen focus-
forming virus. These RNAs contain many extra uridylate residues at their 3’ termini.'™ The
4.58 RNA from the spleen focus-forming virus contains more than 30 components that vary
with the length of the poly U.'® The 4.5 RNA molecules are provided by the host cells.

B. Viroid RNA Molecules

The viroid of the potato spindle tuber disease (PSTV) is an RNA that represents a covalently
closed ring of 359 ribonucleotides,'" which is approximately the size of the tetrahymena
intervening sequence.'® These latter authors have described “‘unit-length and linear (+)-
strand”” RNAs that seem to be intermediates in viroid RNA replication. Does the mature
circular viroid involve end-to-end Joining of a linear intermediate or does it arise like
tetrahymena intervening sequence RNA cyclization via cleavage-ligation at an internal point
in a linear molecule?'** Modified nucleotides have not been detected in any complete or
partial PSTV fragment. A stretch of 18 purines, mainly adenosines,'® exists. At least 60%
of PSTV is represented by sequences in the DNA of several Solanaceous host species. Linear
PSTV RNA molecules may be converted into circular molecules (circle) by an RNA ligase
purified from wheat germ,'® in which circles are indistinguishable from circles extracted
from infected plants. Non-Solanaceous species contain few or no sequences related to only
a small portion of PSTV. It has been suggested that PSTV originates in genes in normal
Solanaceous plants.'® The mechanism of infection of plants by PSTV RNA is not completely
understood. '%

VIII. LOW-MOLECULAR-WEIGHT NUCLEAR RNAs

Eukaryotic cells contain, structually and functionally, small RNAs differing from other
types of known cellular RNAs.'95-197 In HeLa cells some of the small RNA (Sn RNAs)
components are located mainly in the nucleoplasm and one mainly in the nucleoli.'® All
USn RNAs: Ul, U2, U3, U4, U5, and U6 exist in RNP particles. The analysis of several
of these RNAs revealed the presence of a 5" cap (a base m**7-methylguanosine) that differs
from the 5' cap of mRNA (m’-G).”” This explains why Sn RNAs are not translated in the
cytoplasm. Among Sn RNAs, U3 RNA is particularly localized in the nucleus and has not
been found in any other site in the cell. It may play a role in transcription of the rRNA
from the rDNA templates by maintaining stable open gene complexes.”” Detailed analysis
of Sn RNAs has been described.* The U RNAs contain a large number of more or less
clustered uridine residues. US RNA is very enriched in uridine (35%). RNase Tl fingerprints
of the purified U3 RNA, U2, and Ul are practically identical (# 300 nucleotides) in HeLa
cells, human normal fibroblasts, and Novikoff hepatoma cells. These uridine rich low
molecular weight RNAs appear to have been conserved throughout evolution.'**

The sequence of 18 nucleotides close to the 5 end of Ul RNA containing 165 nucleotides
is complementary to the nucleotides from intron transcript adjacent to the splice point.'®
Some nucleotide sequences of Ul RNA and U2 RNA are expected to form a hybrid with
intron-exon borders.''*!"? These RNAs and other U RNAs may play a role in the splicing
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of premessenger RNAs. However, the results obtained in vitro have not been demonstrated
in situ, where U RNAs exist as an RNA-protein complex.'™ U2 nuclear RNA hybridizes
to heterogeneous nuclear RNAs but not nucleolar RNA. The nucleolus contains the precursors
of ribosomal RNAs. Using a human cloned U2 DNA probe, it has been demonstrated that
U2 RNA is paired with complementary sequences in heterogeneous nuclear RNA in vivo. '
Both U2 and Ul RNAs have complementary sequences with intron-exon borders in mRNAs
precursor molecules.'' It is interesting to recall here that pseudogenes, complementary to
the small nuclear RNAs U1, U2, and U3, are dispersed and abundant in the human genome.
Three pseudogenes — U1.101, U2.13, and U3.5 sequences''® — are flanked by short direct
repeats of 16 to 19 bp.''¢

Although USn RNAs have been purified and sequenced, their precise biological function
has not been assigned.

A. Phylogenetic Trends of USn RNAs

The genes of Ul, U2, and U3 RNAs appear to have been highly conserved throughout
evolution. The genes of these RNAs have been isolated from human genome. This genome
appears to contain more pseudogenes for small RNAs than real genes. Notable similarities
have been found between sequences of the Ul RNA of Drosophila and Ul RNA sequences
from other origins.'"” There are similarities between the USn RNAs of vertebrates and
invertebrates, as far as primary structure is concerned. Dinoflagellates considered as eu-
karyotes contain UI-U6 Sn RNA which have a differing molecule center.%°

IX. OTHER SMALL RNAs IN PROKARYOTES AND EUKARYOTES

Several small RNAs isolated from Alcaligenes faecalis bacteria, sediment on the sucrose
gradient at 3.9S, 4.3S, 5.5S, and 6.3S.""* 5.5 rRNA particularly studied differs by its base
ratio (G + C/A + U = 2.0) and hyperchromicity (38%) from transfer RNAs (G + C/A
+ U = 1.35 and hyperchromicity 28%) and from rRNAs. The 5.5S RNA possesses the
capacity to accept amino acids in the presence of each of the four ribonucleoside-5'-tri-
phosphates and bacterial enzymes. It may play a role in peptide formation.'"* Showdomycin-
resistant £. coli cells excrete into the culture medium a 6SRNA (G + A/C + U = 1.82)
that acts as a transforming agent and can be in vitro and in vivo transcribed into DNA.'2°

A small stable 10S RNA has been identified and characterized from E. coli.'*' Ribonu-
clease P, unique among all the RNA processing enzymes, contains an RNA moiety that is
required for its function.'?'2 Two RNAs are present in this enzyme. One of them, termed
M2, is identical or similar to 10S RNA from E. coli. Also, ribonuclease P from yeast and
Bacillus subtilis contains both protein and RNA components.'* Using a cloned segment of
DNA for complementation it has been shown that it codes for an RNA species of 340 bases.
Sequence analysis of RNA indicates that this RNA is highly G + C rich.'® It originates
from DNA. It would be interesting to determine if GC rich 5.5S RNA from Alcaligenes
Jfaecalis originates from 10S RNA bound to RNAse.

An RNA termed 2RNA has been isolated and purified from whole cell soluble RNA from
E. coli. The molecular weight of this RNA is significantly higher than that of 5S RNA used
as a control.'** The 2RNA may be similar to 5.5S of RNA found in A. faecalis."'®

La 4.58 RNA (80 to 100 bases) is small RNA that emerges in £. coli from the progenitor
of 23S rRNA through fragmentation at the 3’ end.'” This finding is in agreement with
previously reported data on the presence of small RNAs in E. coli"™® and Agrobacterium
tumefaciens.'*'* La 4.5 RNA has been shown to be a group of hydrogen RNAs bounded
to poly A containing nuclear of cytoplasmic RNA present in cultured Chinese hamster ovary
cells."*! This RNA from different cells has been sequenced-!32 (Figures 5 and 6). It is less
conserved than USn RNAs. La 4.5S RNA (96 residues) terminates with pppGp at its 5’ end
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10 20 30 40 50
pppGCCGGUﬂGUG GUGGCGCACG CCGGUAGGAU UUGCUGAAGG AGGCAGAGGC

60 70 80 90

AGAGGGAUCA CGAGUUCGAG GCCAGCCUGG GCUACACAUU UUUUOH

FIGURE 5. Nucleotide sequence of La 4.5 RNA of mouse ‘and hamster. (From Harada, F.
and Kato, N., Nucleic Acids Res., 8, 1273, 1980. With permission.)

10 20 30 40 U 50
PPPGGCUGGAGAG AUGGC(UC)AGC CGUUAAAGGC UAGGCUCACA ACCAAAAAUA

60 70 80 90 98
UAAGAGUUCG GUUCCCAGCA CCCACGGCUG UCDCUCCAGC CACCUUUU(U)OH

FIGURE 6. Nucleotide sequence of La 4.5 IRNA of Novikoff hepatoma (modified). (From
Busch, H. et al. Annu. Rev. Biochem., 51, 617, 1982, With permission).

and with a short oligo (U) sequence of variable length at its 3" end. La 4.55 RNA contains
some regions of sequence that have been found in other small RNAs, all transcribed by
RNA polymerase III.

A new class of small RNA molecules, tcRNAs (translational control RNA), associated
with the function of mRNAs has been found in differentiating muscle.'** Among them two
species have been purified and sequenced. A 102 nucleotide species (tcRNA ;) has the poly
A binding properties. It contains 40% uracil and 5% cytosine. Another RNA (1cRNA,) is
less rich in uracil than tcRNA,,,, but contains 8% of cytosine residues. Both RNAs are
bound to mRNAs and are transcribed from DNA. The authors have suggested the role of
mRNA-associated small RNAs in translational control. One might postulate that tcRNA g,
containing 40% of uracil would be involved in inhibiting the translation process as it has
been shown for oligoribonucleotides which are particularly rich in uracil (47%)."'

A small RNA, termed unique membrane RNA, has been purified from rat liver microsomes
and characterized.'™ This RNA (3.14S) differs from tRNA and 5S rRNA and is not the
result of degradation of high molecular weight RNA. It accepts amino acids rather poorly
and is not present in ribosomes. Its biological function has not been defined.

Small RNAs have also been found in Ehrlich ascites tumor cells. Electrophoresis on
polyacrylamide gel has shown that five of them migrate more slowly than 5S rRNA and
three components migrate between 5S and 45 RNA. All these RNAs are localized in the
nucleus and account for 0.7 to 2.9% of total nuclear RNAs." These small RNAs have a
stability comparable to rRNAs. Their synthesis is more or less efficiently inhibited with the
actinomycin D that inhibits the transcription of rRNAs and 5S rRNA from DNA. It remains
to be seen whether RNAs are generally the primary transcript and what their biological
significance may be.

X. SMALL RNA MOLECULES AND OLIGORIBONUCLEOTIDES AS
PRIMERS FOR DNA REPLICATION, TRANSCRIPTION,
AND TRANSLATION

Neither prokaryotic nor eukaryotic polymerases have been reported to catalyze de novo
and in vitro DNA synthesis.>'*"*® Several lines of evidence demonstrate that oligoribo-
nucleotides and small RNAs are both necessary to initiate DNA replic:ulion.’-3-"‘“-”“"”u This
variety of RNAs does modify the rhythm of DNA replication and transcription.

What is the origin of such active, small RNAs? They may appear during transcription of
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DNA but may also be generated by ribonucleases which degrade giant molecules of various
RNAs. It is difficult to collect large quantities of such naturally occurring small RNAs. To
get around this difficulty, purified ribosomal RNAs (23S + 16S) was degraded from show-
domycin resistant E. coli and wild type with different ribonucleases including pancreatic
RNase. All RNases used contained phosphatase activity which removes the 2* or 3’ phosphate
from terminal nucleotide. A family of RNA fragments of 25 to 55 nucleotides is to be found
in an RNase digest. They have been selected by their size and characterized by base ratio
(purines/pyrimidines ranging from 5.8 to 0.75). Purine-rich RNA fragments interact in vitro
with DNA from different origins but do not promote the in vitro synthesis of DNAs from
various sources. RNA fragments bind to DNA by hydrogen bonds. This hybrid can be
characterized.>'*-14+ Only those RNA fragments that are rich in purine nucleotides are
excellent in vitro primers for the conversion of $X 174 and A DNA single strands to replicative
form."" These data have been confirmed by isolation of the primer:

pppAGGGCGAAAAACCGUCUM.AGGGCGAUGG

which is required for conversion of phage fd single strand DNA to replicative form."* In
cited cases, RNA primers contain approximately twice as many more purine bases (G +
AIC + U =22t02.4) complementary to pyrimidines present at the origin of the phage
DNA replication site: TGCTCCCCCAACTTGOH(3’ end)."#%'47 The fact that purine-rich
RNA fragments isolated from bacterial ribosomal RNAs act as excellent primers for phage
DNA replication'¥” is explained by the observation that these fragments bind to the com- -
plementary bases of phage DNA.?

An RNA primer for DNA replication by mitochondrial DNA polymerase is generated by
RNase H on a precursor transcript A transcript of 700 nucleotides synthesized from a promoter
508 bases upstream of the origin.'** A second smaller transcript is copied from the opposite
strand of the template and its length (100 nucleotides) is complementary with the promoter
proximal region of the primer.'*® There is an RNA of 200 nucleotides which binds to the
nascent transcript in order to prevent hybrid formation (RNA primer DNA), but not
transcription. '*#

A. Small RNAs in the Translation Process

Participation of small RNAs and/or oligoribonucleotides in the translation of mRNAs into
proteins has been postulated "' and thereafter confirmed by experimental data.'%151-152
Oligoribonucleotides have been found attached to initiation factors involved in protein bio-
synthesis. Such an RNA molecule called *‘i-RNA™ ™ is rich in adenine (46%) and poor in
guanine (7%).'*? This ““i-RNA"" found in reticulocytes is present in ribosomes from various
sources. Although it participates in translation of mRNAs, it lacks specificity for an mRNA
from a given species. A small ““translating control RNA"™ rich in uridine. inhibits in vitro
the translation of mRNA.'S? Small RNAs, isolated from newborn rats, alter the translation
of mRNA in a system of wheat germ. ' Such an RNA, containing poly U stretches, inhibits
the translation of homologous or hererologous mRNA.'* RNA without poly U appears to
activate the translation.

Salt-washed ribosomes of dormant and developing Artemia salina embryos contain two
distinct factors involved in the translation of mRNAs into proteins.’ Both compounds are
oligoribonucleotides. The inhibitor (6000 mol wt) is rich in pyrimidines (47% U, 11% A,
26% C, 16% G), sensitive to RNase A, and resistant to RNase T1. The activator (9000 mol
W) is rich in guanine (33% U, 10% A, 6% C, 51% G), sensitive to RNase TI, and resistant
to RNase A.
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Bases Inhibitor (%)  Activator (%)
U 47 33
A 11 10
C 26 6
G.. 16 51
Purine/pyrimidine 0.37 1.6

The activator of translation counteracts the effect of the inhibitor. It has been found in
the same fractions of developing embryos. There is little activator in undeveloped cysts.
The amount of these oligoribonucleotides appears to depend on hydration of RNases.'
Whether such RNases degrade some ribosomal or nuclear RNAs present in excess in the
studied material or whether they appear during degradation of mRNAs and splicing of giant
precursors RNAs has yet to be determined.

B. Free Intervening Sequences from Genes and Pseudogenes as Active Biological
Molecules?

In eukaryotes, intervening sequences (introns) which interupt the coding regions of many
genes specifying various RNAs are transcribed as part of precursor RNAs and then removed
by the splicing process. This process consists of the excision of introns and thereafter ligation
of the functional units, exons. It was reported that the intervening sequence of the tetrahymena
ribosomal RNA-precursor is excised as a linear molecule which cyclizes itself in the absence
of the enzyme.'* During cyclization, the AAAUAG fragment is lost. Such a purine rich
fragment may be involved in the regulation of DNA replication®'* or in protein biosynthesis.'

Two classes of genomic sequence have recently been implicated in the formation of
processed genes. These are multigene families that correspond to the middle repetitive Alu-
genes'*® and the multiple Sn RNA genes that encode the ubiquitous small nuclear RNAs
prevalent in human and other genes."'® Members of both gene families are transcribed into
small RNAs of generally unknown function.'s” When treated with the restriction endonuclease
Alu 1 gene provides two fragments, one of # 170 bp and one of # 120 bp. At least half
of the 300 nucleotides and the 300 nucleotide irDNA (inverted repeated DNA) belong to a
single sequence family termed the Alu family.'s®

In Chinese hamster cells each poly(A)-terminated nuclear RNA has one molecule of low
molecular weight RNA (100 nucleotides) hydrogen bounded to it."' This small RNA may
interact with sequences transcribed from the Alu family of interspersed repeated DNA.'™
These authors have suggested that the Alu family of interspersed repeated sequence may
function as origins of DNA replication in mammalian cells. This remains to be confirmed
by direct experimental data. Alu-like elements dispersed throughout the mammalian genome
are substrates for the Alu restriction endonuclease. ' They range in length from 135 bp in
the mouse to 300 in man. Alu-like elements display a high degree of sequence homology
with the small cytoplasmic 7S and 4.5S RNAs."*® The 4.5S RNA, which has been found
in mouse and hamster but not in human cells, binds through hydrogen bonds to nuclear and
cytoplasmic poly(A)* RNA."' The sequence homology is observed for 120 bases starting
from the 5" end of the Alu monomer.'®'

Pseudogenes are partial duplicates of structural genes. In most cases, they appear not to
be transcribed into RNAs, although there is no definite certainty about this. Pseudogene
sequences have been characterized for gene encoding small nuclear RNAs Ul, U2, u3.'»=
They also have been produced through an RNA intermediate. ' During the processing of
this intermediate, some RNA sequences are lost. Their possible function and that of small
nuclear RNAs encoded by pseudogene sequences have to be determined. **Processed genes
and Alu-like elements are heritable and inserted into DNA in cells. 1% of mammalian DNA
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contains sequences expressed as proteins, the remaining 99% may be derived and maintained
by a continuous flux of such elements."'¢*

C. Small RNAs: Molecular Selfreplication

The QB virus which infects E. coli has been used as a model for studying the mechanism
of molecular selfreplication. The isolated QB replicating enzyme has the capacity to reproduce
viral RNA in a cell-free system.'™ This single-stranded RNA of 4500 nucleotides possesses
infectious potential. A noninfectious *‘satellite”” RNA containing 220 nucleotides purified
from E. coli cells has also been used as template and in vitro is replicated by the QB replicase.
The nucleotide sequence of the relevant parts of QB RNA has been analyzed.'*s In this small
RNA, the sequence-CCC has been identified'® as the recognition site for interaction with
QB replicase. A remarkable property of QB replicase is that it is capable of synthesizing
RNA from four ribonucleoside-5'-triphosphates. even in the absence of RNA template. This
enzyme accepts only few natural RNAs and some synthetic ribopolymers as template for
RNA in vitro synthesis. '67-108

RNA synthesis always starts with the incorporation of GTP. The 3’ terminating nucleotide
of the template does not need to be cytidylic acid. However, cytidylic acid polymers are
accepted as template only when they contain at their 3’ end a cytidylic acid sequence or
more than 5 nucleotides.'** Randomly mixed ribopolymers containing cytidylic acid poly(C)
are accepted as active template with QP replicase. '™

Transforming 65 RNA excreted by showdomycin-resistant E. coli differs from other RN As
species found in the wild type strain. This small RNA is purine rich (G + A/IC + U =".
1.82) in comparison to RNAs from the wild type of E. coli (G + A/C + U = 1.0). In
Cs,SO, gradient centrifugation, 6S RNA sediments exclusively in the region of RNA and
does not contain DNA nor does it hybridize with DNA from the same strain. It was unexpected
to observe that 6S RNA can interfere in the in vitro activity of polynucleotide phosphorylase
(PNPase) in the exclusive presence of all four ribonucleoside-5’-diphosphates (XDPs) in the
incubation mixture.'” PNPase® from the wild strain synthesizes, trom equal amounts of
XDPs, a poly AGUC whose ratio is 1:1:1:1. In the presence of 6S RNA, the rate of synthesis
is increased several-fold and the base ratio of the synthesized product G + A/IC + U =
1.75 is practically identical to that found for 6S RNA (G + A/IC + U = 1.80). RNase A
abolishes template activity of 6S RNA. XTPs cannot replace XDPs. Rifampicin is with-
out effect on the activity of PNPase, while it inhibits that of DNA-dependent RNA poly-
merase. Crude soluble extracts of 250-fold purified enzyme gives the same results. Ribosomal
RNAs, tRNAs, polyovirus RNAs, and poly AGUC are not used as template by PNPase.
On sucrose gradient, the “C-synthesized product made in the presence of 6S RNA, sediments
at a position differing from that of the “C polymer-synthesized in the absence of 65 RNA.!"

PNPase from showdomycin-resistant E. coli, incubated in the presence of all four XDPs
each used in equal amounts, synthesizes in vitro AGUC polymer in which the amount of
purine bases is twice that of pyrimidines. This shows that modified PNPase may synthesize
an RNA that does not hybridize with DNA. PNPase from E. coli wild strain is capable of
synthesizing small purine rich RNA (G + A/C + U = 1.5 to 1.8) from XDPs at 70°C,
acting as primers in in vitro replication of DNAs from bacteria and mammals, but it has a
low effect on phage DNAs under the same experimental conditions.'™ Also, purine rich
RNA synthesized by PNPase under normal conditions but in the presence of RNase A acts
as primer for replication of some DNAs.'”" Thus, it may be imagined that PNPase and
RNase, both capable of behaving as ‘‘thermoresistant enzymes.”" might have played a
decisive role in synthesizing diffcrent RNA primers or even templates for the formation of
cell constituents.

D. Transcription of Small Cellular RNAs into DNA
Interest in the conversion of RNA molecules into DNA has recently increased. since this
process of transcription seems to be the only one that may explain the creation of pseudo-
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genes.'® It has been suggested that small RNA molecules transcribed first on DNA may
carry the information back to chromosomal DNA but in different segments of DNA than
those from which they originate. This concept implies the existence in eukaryotes and
prokaryotes of an enzyme, reverse transcriptase, capable of transcribing small RNAs into
DNA.

Reverse transcriptase has been discovered in animal tumor viruses,'” and several reports
have been published on transcription of RNA templates into complementary DNA by enzymes
found in chick embryos,'” in bacteria,'**!7®"™:175 in plants,' in monkey placenta,'” in
normal human lymphocytes,'” and in fungi.** 28S ribosomal RNA from Drosophila me-
lanogaster can be transcribed into DNA-like material by a DNA polymerase I purified to
about 90%. The size of the *H-DNA product is about 45, but it may be longer.'” 258
ribosomal RNA transcription was found to occur to some extent in the absence of the added
oligenucleotide primer.'s®

A free RNA-bound ‘‘reverse transcriptase’’, isolated from E. coli extracts, synthesizes
in vitro DNA, providing that all four ribonucleoside-5'-triphosphates are present in the
incubation mixture. Both template RNA and synthesized *H-DNA have a size of about 6S.
*H-DNA is complementary to template RNA.'2 [t is possible to distinguish the RNA-bound
enzyme from known DNA-dependent DNA polymerase on several criteria. A particular
purine-rich small RNA (6S) excreted by showdomycin-resistant £. coli has a transforming
potential.'*#!*" When added to the culture medium of a tumorogenic strain of A. numefaciens,
it is possible to isolate a series of transformants which have partially or totally lost their
tumor potential. Different biochemical changes have been observed in these transformants.
Hybridization data showed that the RNA has penetrated into recipient bacteria and one copy
at least was found in the DNA of complete transformants. In vitro this RNA can be transcribed
into complementary DNA. It possesses selfpairing regions and probably a 3’ OH looped
terminus required for transcription. When these different small RNAs are injected into Datura
stramonium inverted stem section under axenic conditions and in the presence of auxin, they
lead to the appearance of characteristic Crown-gall tumors!'”6-!82-184 (Figures 7 and 8).

One can easily isolate the endogeneous RNA-bound RNA-dependent DNA polymerase
from the microsomal pellet fraction of the eukaryotic fungus Neurospora crassa.** Here
also, free template RNA and the synthesized DNA sedimented on sucrose density gradients
at approximately 5 to 6S. *H-DNA is complementary to template RNA as judged by hy-
bridization data. It is quite probable that the eukaryotic organism may well possess RNA-
bound ‘‘reverse transcriptase’’. It will be of importance to determine which small RNAs
and/or intervening sequences might be transcribed into complementary DNA in eukaryotes.
If such data can be accurately established using different species, this would strongly support
the concept of pseudogenes formation, as recently suggested.'s* In this respect it has been
recently reported that Drosophila melanogaster contains nonvirales particles containing 48,
4.5S, 58, and 6S molecules of RNA as the major constituents. In addition, these particles
contain particle-bound reverse transcriptase.'® This observation strongly supports several
findings reported many years ago®*'* and discussed here.

XI. CONCLUDING REMARKS

The majority of small RNAs from eukaryotes, prokaryotes, and virions described here
have been sequenced and their secondary structure proposed. Other small RNAs not se-
quenced but characterized by chemical and physical means have been studied mostly for
their biological activities. Many small RNAs appear to originate from DNA as direct tran-
scripts, while others emerge from RNA precursor transcripts or even from mature RNAs.
One common feature of small RNAs is that they bind with rclative efficiency to large RNAs
(rRNAs, mRNAs, viral genome RNAs), and DNAs through hydrogen bonding. This process
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FIGURE 7. Demonstration of the oncogenic capacity of the tumor-inducing
small-size RNA from A. tumefaciens. Tumor obtained by inoculation of RNA
into a fragment of inverted stem of Datura stramonium cultured in vitro, C, auxinic
callus tissue: P, overgrowth tissue obtained with RNA. (From Le Goll. L. et al.,
Can. J. Microbiol., 22, 694, 1976. With permission.)
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FIGURE 8. Demonstration of the oncogenic capacity of the tumor-inducing small-size RNA from A. tumefaciens. b
Development of secondary tumor (T) after grafting of the primary overgrowth tissue. Schematic section of a tumor E
fragment (Gr) engrafted upon stem of healthy plant (PG). (From Aaron-Da Cunha, M. 1. et al.. C. R. Soc. Biol., ;’
169(3), 755, 1975. With permission.) 4
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necessarily implies sequence homology in certain regions. Comparison of sequences suggests
that there exist relative phylogenetic trends between several small and large RNAs, as well
as between different species of small RNAs themselves. From this, one may conclude that
small RNAs have largely been conserved throughout evolution of various species; under-
standing of the biological activities of the RNAs should greatly elucidate this conservation
process.” - .

Over the last decade, few scientists have been involved in studying the extent to which
small RNAs can in vitro and in situ be transcribed into DNA. Since the recent discovery of
pseudogenes, this problem has come to the fore with particular urgency, partly because some
regions of pseudogenes are transcribed into small RNAs. It is at present postulated but not
proven as far as we know, that small RNAs, via transcription to DNA, are the only candidates
for the creation of new genes or pseudogenes. Also, it should not be forgotten that some
small RNAs can be in vitro synthesized de novo in the absence of DNA or RNA template.
}bwwmzﬂmmﬂmdﬂkmuowmnMnmmmkmthmmmhunumdﬁkmmbmmyml
systems. The role of such RNAs may have been of importance during the early stages of
the appearance of RNAs or DNAs, i.e., at the creation of life.

As shown here, many small RNAs have been characterized by excellent analytical meth-
ods. However, their respective biological roles in the cells of different species need to be
demonstrated accurately in order to elucidate their possible phylogenetic relationship and
their part in the life of the cell.
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