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Small RNAs in Escherichia coli

Karen Montzka Wassarman, Aixia Zhang and Gisela Storz

en small RNAs
(sRNAs), in addition to
5S rRNA and tRNAs,

are currently known to be en-
coded by the Escherichia coli
genome. The majority of these
sRNAs can be defined as regu-
latory RNAs, as all of them
modulate an aspect of bac-

Bacterial cells contain several small RNAs
(sRNAs) that are not translated. These
stable, abundant RNAs act by multiple

mechanisms, such as RNA-RNA
basepairing, RNA-protein interactions and
intrinsic RNA activity, and regulate
diverse cellular functions, including RNA
processing, mRINA stability, translation,
protein stability and secretion.

4.5§ RNA
The 4.5S RNA has been char-
acterized  extensively and

found to function in protein
secretion as an integral com-
ponent of the signal recogni-
tion particle (SRP) (reviewed
in Refs 10,11). The 114-nt
mature 4.5S RNA is processed

terial  metabolism.  Some
tRNAs and sRNAs encoded
by plasmids, phage and trans-
posable elements have also
been shown to have regulatory
functions. These RNAs, in
addition to Staphylococcus
aureus RNAIIT and the multi-
tude of sRNAs found in
eukaryotes, are the subject of other reviews!'=8,
Here, we focus on the ten E. coli sSRNAs; we sum-
marize their general properties, discuss their mecha-
nisms of action, compare them with eukaryotic
sRNAs and outline topics that need to be addressed
by future studies.

Discovery of sRNAs

Evidence of sRNAs, other than 55 rRNA and
tRNAs, came with the development of polyacryl-
amide gel electrophoresis to analyze [*?Plorthophos-
phate-labeled total RNA. The 4.5S and 6S RNAs
were the first to be identified®’. Improved tech-
niques, such as two-dimensional gel electrophoresis,
led to the discoveries of Spot 42 RNA (Band IV) and
10S RNA (Band IX)3. Characterization of the 10S
RNA band subsequently revealed that it correspon-
ded to two distinct RNAs of similar size, 10Sa and
10Sb (Ref. 9; also called M2 and M1 and now de-
noted tmRNA and RNase P RNA, respectively).
Analyses of these five sRNAs, together with some
serendipity, led to the identification of functions for
the 4.5S, tmRNA and RNase P RNAs, but the roles
of 6S and Spot 42 RNAs are still unknown. A second
group of sSRNAs, including CsrB and OxyS, was dis-
covered under conditions that suggested possible
functions, as described below. A third group of
sRNAs, including MicF, DicF and DsrA, was identi-
fied as cloned genomic fragments that modulated
certain activities. In the following section, we de-
scribe what is known about these ten sRNAs in
E. coli, although homologs of all of the sSRNAs have
been detected in other bacterial species. Many of
their properties and functions are summarized in
Tables 1,2, and proposed secondary structures are
shown in Fig. 1.
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from a precursor molecule at
the 5’ end by RNase P. The
gene encoding 4.5S [ffs (four-
point five S)] is essential. The
earliest defect in cells condi-
tionally depleted of 4.5S is an
inhibition of protein synthesis,
and 4.5S RNA is normally
associated with ribosomes.
These results suggest a role for 4.5S RNA in trans-
lation. However, proposed secondary structures have
revealed similarities between 4.5S RNA and 7SL, the
RNA component of eukaryotic SRP. Support for the
involvement of 4.5S RNA in protein secretion came
from the finding that p48 (a bacterial protein with
similarity to the eukaryotic SRP54 protein) binds
4.5S RNA. In addition, the p48/4.5S ribonucleopro-
tein (RNP) particle can bind signal sequences, and
genetic studies have revealed that these highly con-
served mammalian and bacterial counterparts can
partially substitute for one another. The findings that
4.5S RNA affects both protein synthesis and protein
secretion have not been resolved, but 4.5S might
function in two different pathways. The exact role of
4.5S in the SRP is also unclear, although recent results
suggest that 4.5S RNA might stabilize an active con-
formation of the p48 protein'2.

tmRNA

The 363-nt tmRNA is processed from a primary tran-
script at the 5’ end by RNase P and at the 3’ end by
RNase III (reviewed in Refs 13,14). A proposed sec-
ondary structure, supported by chemical and enzy-
matic structure probing and phylogenetic analysis, re-
vealed that tmRNA can form a tRNA half molecule.
The presence of a tRNA-like structure is further sup-
ported by RNase P cleavage of pre-tmRNA (similar
to pre-tRNA) and aminoacylation of tmRNA by
alanyl-tRNA synthetase in vitro. The tmRNA con-
tains a short open reading frame (ORF), the signifi-
cance of which was not originally apparent. Strains
carrying mutations in the gene encoding tmRNA
[ssrA (small stable RNA)| show a confusing array of
subtle phenotypes, including slightly reduced growth,
increased Alp protease activity, and failure to support

PII: S0966-842X(98)01379-1

VoL. 7 No. 1 JANUARY 1999



REVIEWS

Trends in Microbiology

(b) RNase P RNA

(a) tmRNA

Cc

A

3
mwue
HWG 00
<
<O, GUAW < Wu w S
b <
G0 .l w
00 OODDO< CUAGAUGAAUGACUGUW
T, o m HODOLOLY
000 O m CLRRETLESSLLEGCES) m
AN.QG cﬁwou m 0.
wn < Q% : m
<0 X .
GMAG_@O Umcm & OO0, - m
<0< Q0w %% g D P304, 5 m”mu o)
G2 5 < )
< G%ﬁoo oo Qoo m mv .
< Qo0 < g -
Oy g
=)
< © O O <« « < C
<o<oc< <
nm 0303320000 ET % AGAGAGG <<
< 00 0 B0GBOOY _BOB030000LVLD00DS wn
b BODIDLdO4q,
(6] UU
=] X m
3 m
<
mmu
<
> 0555055<0000—2—
CGAAOGGUCGACGCCUGCCUG
) F% GAOUGAC
m 2 A <> 0o o< < A 3
s
MCUCGAW B 0555<c0® 2O L0, o P Vo000 <
BOOBODY OOOLBD3,(, g PP OODO 04000000 o— %
i 3 GOUOOGGUUGGCG b
WG E Pe g« < LOO0BOL

(f) DicF RNA

(e) DsrA RNA

(d) OxyS RNA

S
o ~

o° o 070 O
K <020 DvLLVLOL™
O P0I0 5, 4500000
<5 M
)

)

0, 3

> %%GMCGGGAU

O CAGCOCUA.n

=) o o
P7o00o0<c<0 <<0DD>
203044333 333440,

(i) 4.5S RNA

A «c A
s -caasecucuauucaw © uocce® acac CucuauuuA Aaaf unocGG

AGG A
AGG

(doseecceocclec) GLﬁmCGJGLhié . GUAGAOGGA < GG

Fod*

3

TRENDS IN MICROBIOLOGY 38 VorL. 7 NoO. 1 JANUARY 1999



REVIEWS

(c) CsrB RNA

(g) Spot 42 RNA
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Fig. 1. Proposed structures of the ten
Escherichia coli sSRNAs described in
this review. Structures of (a) tmRNA
and (b) RNase P RNA are based on
biochemical evidence and extensive
phylogenetic studies!**6. (¢) The CsrB
RNA structure is based on computer
prediction and is supported by the
sequence of a homolog from Erwinia
carotovora in which the repeats are
conserved in number and structure?’.
(d) The OxyS RNA structure is sup-
ported by direct structural probing of
the 5’ end?® and by comparison with
the Salmonella typhimurium oxyS
sequence (G. Storz, unpublished). The
predicted structure of (e) DsrA RNA
is supported by comparisons
with Klebsiella pneumoniae®” and
S. typhimurium homologs*°. (f) The
stem-loop structure of DicF RNA is
supported by the sequence of a ho-
molog in Shigella*?. (g) The Spot 42
RNA structure is based on computer
predictions (J. Dahlberg, unpub-
lished), and the RNA is detected on
northern blots of related species
(K.M. Wassarman and G. Storz,
unpublished). (h) The MicF RNA struc-
ture is based on biochemical probing
and phylogenetic comparisons*®. (i)
The 4.5S RNA structure is similar to
the eukaryotic 7SL RNA (Ref. 10), and
(j) the 6S RNA structure is based on
sequence comparison with a
Pseudomonas aeruginosa homolog*’.

(h) MicF RNA
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Table 1. Properties of sRNAs?

RNA® Other Gene Map Length¢ Abundance® RNA biogenesis’ Interactions Refs
names location®  (nt)
4.58 ffs 10.2' 114 0.13-0.28 Processed from primary Associates with 70S 10,11,
transcript ribosomes 25
RNase P (5' end)
tmRNA 10Sa SSrA 59.3' 363 0.10-0.26 Processed from primary Associates with 70S 13,14,
M2 transcript ribosomes 28
RNase P (5" end)
RNase Il (3' end)
RNase P 10Sb mpB 70.4' 377 NDf Processed from primary RNP with RNase P 15-17
M1 transcript protein
RNase E (3’ end)
Spot 42 spf 87.2' 109 0.01 Primary transcript Associates with 18,19
nucleoid and
ribosomes
6S ssrS 65.8' 184 0.2-0.3 Processed from 11S RNP 23-25
dicistronic transcript
by an unknown
mechanism
CsrB csrB 63' 369 ND Unknown RNP with CsrA protein 27
OxyS oxyS 89.6' 109 0.09 Primary transcript Binds Hfq protein 28,30
MicF micF 49.8' 93 ND Primary transcript Crosslinks to 80-kDa 3,32
protein
DicF dicF 35.5' 53 ND Processed from 32,35
polycistronic transcript
RNase E (5' end)
RNase Il (3" end)
DsrA dsrA 43.6' 87 ND Primary transcript 37

aAbbreviations: RNP, ribonucleoprotein; ND, not determined.

®See also:

WA Wi . mit . edu/ bart el / t R\ horre; psyche. uthct. e

hone. ht M and psyche. ut hct . edu/ dbs/ SRPDB/ SRPDB. ht ni .

°As reported in cgsc. bi ol ogy. yal e. edu; susi . bi 0. uni - gi essen. de.
dReported sizes of RNAs varied by 1-5 nt in some references. Lengths shown here are based on the RNA structures shown in Fig. 1.
°RNA levels determined as a fraction of 5S rRNA. Jain et al.® report 300 molecules of RNase P RNA per cell.

"Most sRNAs are subject to further trimming of 1-5 nucleotides by various exonucleases*3.

du/ dbs/ t "RDB/ t nRDB. ht ni ; www. nbi 0. ncsu. edu/ R\NaseP/

the growth of some hybrid phages. The function of
tmRNA was unclear until the fortuitous discovery
that a novel carboxy-terminal tag, encoded by
tmRNA rather than the mRNA, could be added to re-
combinant proteins expressed in E. coli. The tag is
added to polypeptides generated from mRNAs lack-
ing stop codons in a #rams-translation reaction in
which the tmRNA molecule acts as both a tRNA and
an mRNA. Proteins containing the tmRNA-encoded
tag are targeted for degradation. The trams-trans-
lation reaction also serves to release ribosomes stalled
on incomplete mRNAs.

RNase P RNA

Characterization of 10Sb RNA and biochemical and
enzymatic studies on RNase P soon revealed that
10Sb is the RNA component of RNase P (a key en-
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zyme in RNA processing; reviewed in Refs 15,16).
The 377-nt RNase P RNA is processed from a primary
transcript at the 3’ end by RNase E (Ref. 17), and the
gene encoding the RNA (rnpB) is essential for viabil-
ity. The RNase P RNA alone can catalyze appropriate
processing of pre-tRNAs in wvitro, indicating that
RNase P RNA is sufficient for substrate recognition
and cleavage activity. However, the RNase P protein,
also called CS3, is required for activity in vivo and in-
creases the efficiency of processing in vitro. Analyses
of RNase P RNA and substrate mutants have re-
vealed that substrate recognition is via structural
features and not by basepairing interactions. The
RNase P RNA is conserved across all organisms, and,
thus, phylogenetic analysis has been an exceptionally
powerful tool for determination of the secondary
and tertiary structure of the RNA, as well as for the
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Table 2. Functions of sRNAs?

RNA Function Null phenotype Overexpression Mode(s) of action Physiological system Refs

phenotype® regulated

4.5S Component of signal Death None RNA-protein Protein export 10,11,

recognition particle interaction (p48 Potential role in protein 44
Potential role in and EF-G) synthesis
translation Unique activity as
RNP
tmRNA  Mediator of trans- Slow growth None Intrinsic activity Stalled ribosome 13,14
translation reaction of RNA (tRNA release
structure and Protein degradation
encoded peptide
tag)
RNase P Component of Death None Catalytic RNA RNA processing 9,15,
RNase P 16,45
Spot 42 Unknown Increased Decreased Unknown Unknown 20-22
sensitivity to sensitivity to
MMS MMS
Slight growth Growth defect
impairment
6S Unknown None None Unknown Unknown 24,26
CsrB Inhibitor of CsrA ND Increased glycogen RNA-protein mRNA decay 27
accumulation interaction (inhibits
Altered cell surface CsrA activity)
properties

OxyS Regulator of ~40 Increased Altered expression Short RNA-RNA Hydrogen peroxide 28-30

genes mutagenesis of multiple genes pairing (blocks stress response
Decreased ribosome binding
mutagenesis to thIA mRNA)
RNA-protein
interaction (inhibits
Hfq activity)

MicF Inhibitor of OmpF Increased OmpF Decreased OmpF Long RNA-RNA Outer membrane 3,
pairing (blocks composition in 31-33
ribosome binding to response to
ompF mRNA) environmental

stimuli
DicF Inhibitor of FtsZ ND Blocked cell Long RNA-RNA Cell division 3,32,
division pairing (blocks 36
ribosome binding
to ftsZ mRNA)
DsrA Activator of RpoS Decreased RpoS  Derepression of Short RNA-RNA Response to low 37-40¢

H-NS antagonist

H-NS silenced
genes

pairing (prevents

inhibitory rpos mRNA

secondary structure
and inhibits hns
mRNA translation)

Potential RNA—protein
interaction (modifies

H-NS and Hfq
activities)

temperature

aAbbreviations: MMS, methyl methanesulfonate; ND, not determined; RNP, ribonucleoprotein.
"As sRNAs were expressed from a variety of plasmids, the relative levels of overexpression vary.
¢S. Gottesman, unpublished.
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identification of domains important for substrate
recognition and catalysis.

Spot 42 RNA
The role of Spot 42 RNA is still unclear, even though
the 109-nt RNA has been studied extensively!8-22,
The gene encoding Spot 42 RNA [spf (spot forty-
two)] is negatively regulated by cAMP (Ref. 19).
Spot 42 RNA appears to be present in many forms in
the cell, as shown by its representation in cytosolic,
ribosomal and nucleoid fractions'. Strains carrying
deletions of spf are viable but show a slight growth
impairment under some conditions?’. Tenfold over-
production of Spot 42 RNA results in a pronounced
growth defect under a variety of conditions?!. In
addition, strains carrying deletions of spf show de-
creased DNA polymerase I (Pol I) activity, whereas
strains that overproduce Spot 42 have increased Pol I
activity??. Although the exact function of Spot 42
RNA has not been discovered, it is intriguing that spf
is directly downstream of the gene encoding Pol I

(polA).

6S RNA

6S RNA was the first non-rRNA, non-tRNA to be
sequenced from E. coli** and yet its function remains
elusive. This sSRNA is transcribed as part of a di-
cistronic message from which the 184-nt mature 6S
RNA is processed by an unknown mechanism?*. The
ORF downstream of 6S RNA encodes a 170 amino
acid protein with homology to 5,10-methenyl-
tetrahydrofolate synthetase, but a function for this
putative protein has not been demonstrated. Intrigu-
ingly, 6S RNA is present in a stable RNP complex in
E. coli extracts®. Cells carrying insertions in the gene
encoding 6S [ssrS (small stable RNA)]| are viable in
the absence of 6S RNA, with no detectable growth
defects on various carbon sources at temperatures
ranging from 23°C to 42°C (Ref. 26). Likewise, eight-
fold overexpression of 65 RNA has no detectable
phenotype?*.

CsrB RNA

CsrB RNA was identified by co-purification with
overproduced CsrA protein, which negatively regu-
lates glycogen biosynthesis by binding mRNAs and
facilitating their decay (reviewed in Ref. 27). The
~360-nt CsrB RNA contains numerous imperfect re-
peats of a seven-nucleotide consensus sequence, the
majority of which are in the loops of a predicted sec-
ondary structure. As the purified CsrB-CsrA RNP
contains ~18 molecules of CsrA protein per CsrB
RNA, one CsrA protein could bind to each repeat
sequence in CsrB. Overexpression of CsrB RNA ap-
pears to antagonize all regulatory functions of CsrA
in vivo, and studies in vitro suggest that CsrB RNA
directly inhibits CsrA activity.

OxyS RNA

The 109-nt OxyS RNA is highly induced by hydrogen
peroxide treatment?®. Cells carrying deletions of the
oxyS gene or overexpressing the RNA are viable.
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However, changes in the protein expression pattern
observed with constitutive oxyS expression suggest
that the RNA might be a regulator. In fact, biochemi-
cal and genetic approaches have confirmed that many
genes are regulated by OxyS RNA. Surprisingly,
OxyS might function differently at two of its target
genes?’: (1) OxyS RNA represses fhlA translation by
directly basepairing to the fhIA mRNA near the
Shine-Dalgarno sequence, thus blocking ribosome
binding?® and (2) OxyS RNA represses rpoS trans-
lation by binding to and altering the activity of a pro-
tein factor (Hfq) normally required for 7poS trans-
lation®®. Although the physiological role of the
hydrogen-peroxide-induced RNA is not fully under-
stood, the observation that OxyS represses the ex-
pression of two transcriptional regulators (fhIA and
rpoS) suggests that OxyS RNA integrates adaptation
to hydrogen peroxide with other regulatory net-
works. In addition, OxyS RNA acts as an antimu-
tator; cells deficient in oxyS show increased mutagen-
esis by hydrogen peroxide, and cells overexpressing
OxyS RNA show decreased mutagenesis?®.

MicF RNA

The micF gene was first identified®! as a cloned frag-
ment that inhibits expression of OmpF, an outer
membrane porin (reviewed in Refs 3,32). The 93-nt
MicF RNA is induced by a variety of environmental
conditions, including temperature shifts from 24°C
to 37°C, high osmolarity and superoxide stress (re-
viewed in Ref. 33). The RNA is highly complemen-
tary to the region surrounding the ompF Shine-
Dalgarno sequence and, therefore, it was proposed
that MicF RNA represses ompF via an antisense
mechanism?!. The effects of deleting micF and over-
expressing MicF RNA on OmpF expression support
this hypothesis. Subsequent biochemical studies
have shown that a stable duplex between MicF
RNA and the 5’ untranslated region of the ompF
message is formed, and that MicF inhibits ompF
translation and destabilizes the ompF message. The
exact mechanism of MicF RNA antisense repression
is still being studied, but UV crosslinking experi-
ments suggest that an unidentified 80-kDa E. coli
protein binds the MicF RNA. The micF gene is dis-
tant from ompF but is encoded directly upstream of
ompC, which encodes a second outer membrane
protein. These outer membrane proteins are regu-
lated such that the total amount of OmpF and
OmpC protein remains constant, but the level of
each protein varies with environmental conditions.
As the expression of micF and ompC is regulated
similarly under some conditions, it appears that the
MicF RNA represents one highly sensitive mecha-
nism to maintain the coordinate, opposing regu-
lation of ompF and ompC.

DicF RNA

The dicF gene was discovered* as a small fragment
of the dicB operon that could inhibit cell division
when present on a multi-copy plasmid (reviewed
in Refs 3,32). DicF RNA is processed from a
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polycistronic transcript by RNase III and RNase E
(Ref. 35). The minimal functional RNA is 53 nt,
although a 190-nt RNA is also present and is pre-
sumably active. A cell-division gene, ftsZ, has been
identified as the target of DicF RNA by a genetic
screen for suppressors of dicF-dependent inhibition
of cell division®. DicF RNA has significant comple-
mentarity to the f#sZ mRNA in the region surround-
ing the Shine-Dalgarno sequence, and dicF has been
shown to regulate ftsZ expression post-transcription-
ally, which is consistent with RNA-hybrid formation
interfering with ribosome binding. Although the ini-
tial effects of DicF were seen by overexpression, the
chromosomally encoded DicF RNA can also prevent
cell division (J-P. Bouché, unpublished).

DsrA RNA

The dsrA gene was first identified as a derepresser of
rcsA (a regulator of capsular polysaccharide synthe-
sis) when present in multiple copies®”. The expression
from dsrA-lacZ fusions is increased at 20°C, in con-
trast with expression at 42°C, which is consistent
with a role for DsrA at low temperature’®. Overex-
pression of the 87-nt DsrA RNA leads to the induc-
tion of multiple genes repressed by the histone-like
protein H-NS, and strains devoid of dsrA have sub-
stantially lower levels of RpoS, indicating that DsrA
is acting as a regulator. DsrA RNA acts as an anti-
silencer of H-NS-regulated genes, by reducing H-NS
expression by pairing with the hns message* and,
possibly, by modulating H-NS oligomerization
(S. Gottesman, unpublished). The DsrA RNA ap-
pears to regulate 7poS translation by basepairing to
the 7poS mRNA, thereby altering its secondary
structure and allowing enhanced translation*’. Mu-
tational analyses suggest that the effects of DsrA on
rpoS translation are independent of the effects on H-
NS-regulated genes; however, both effects require the
Hfq protein®’. Although the mechanisms of action
need further investigation, there are several intriguing
parallels between the OxyS and DsrA RNAs: both
appear to function by more than one mechanism and
both affect 7poS expression together with the Hfq
protein, albeit under different conditions and with
opposing effects.

Mechanisms of action

Although E. coli sSRNAs have varied functions, their
mechanisms of action can be grouped into three
broad categories: RNAs that act via direct
RNA-RNA basepairing (OxyS, MicF, DicF and
DsrA); RNAs that act via RNA-protein interactions
(4.5S, CsrB, OxyS and DsrA); and RNAs that have
intrinsic activities (tmRNA and RNase P RNA).
Some of these RNAs (OxyS and DsrA) appear to act
by more than one mechanism on different targets. In
addition, these categories represent our current un-
derstanding of a direct interaction required for acti-
vity, but are not exclusive. For instance, RNase P
RNA is clearly the catalytic component of RNase P
and can act independently in vitro. However, in vivo,
RNase P RNA is present in a stable RNP complex
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with the RNase P protein and, in vitro, RNase P
protein binding to the RNA increases its catalytic
activity>. Thus, RNA-protein interactions are also
critical for RNase P activity. sSRNAs that act via
RNA-RNA interactions can also bind proteins that
could act in a variety of ways, including stabilization
of the sSRNA-target RNA interaction, stabilization of
a specific sSRNA structure facilitating activity, or
could even act directly, once brought to the target by
the RNA-RNA interaction. Further analyses will be
necessary to identify and characterize all the inter-
actions made by sRNAs and to understand fully the
mechanisms of action.

The sRNAs that act by basepairing can be subdi-
vided further. MicF and DicF RNAs have the poten-
tial for long basepaired regions, analogous to the
antisense mechanisms described for many plasmid-
and phage-encoded sRNAs (Ref. 3). OxyS and DsrA
RNAs interact with their target RNAs through
shorter basepaired regions. These short basepairing
interactions are more analogous to many snRNA-
substrate interactions in eukaryotes. Although the
significance of long versus short basepairing inter-
actions is currently unknown, it is interesting to
speculate about the reasons for the difference. The
strength, and therefore the duration, of sSRNA-target
RNA binding might depend directly on the number
of basepairs formed. Are there mechanisms of action
or environmental conditions that require stronger or
weaker, long-term or transient, interactions? Does
the length of interaction suggest different require-
ments for accessory factors for efficient activity? The
extent of basepairing will also determine the likeli-
hood of duplicating the target sequence throughout
the genome. Do shorter interactions represent
sRNAs that might act via the same RNA-RNA in-
teraction on multiple targets? It is also interesting
to note that all the E. coli SRNAs known to act via
RNA-RNA interactions function at the level of
translation. The sRNAs that act via protein inter-
actions can also be divided into two groups: CsrB,
OxyS and DsrA RNAs appear to bind target pro-
teins and inhibit their normal function; by contrast,
the 4.5S RNA binding to p48 is required for SRP
activity.

Comparison with eukaryotic RNAs

There are literally hundreds of sRNAs present in
eukaryotic cells, many of which are well character-
ized (reviewed in Ref. 5). As with E. coli sSRNAs, the
eukaryotic sRNAs use RNA-RNA interactions,
RNA-protein interactions and intrinsic RNA func-
tion to mediate their respective activities. However,
the functions of most of the characterized eukaryotic
sRNAs are distinct from those known for the bacter-
ial sSRNAs, and it is worthwhile contemplating the
differences. For instance, the majority of known
eukaryotic sSRNAs are snoRNAs (small nucleolar
RNAs), which act in rRNA biogenesis, either in pre-
rRNA processing or in the modification of rRNAs.
Although bacterial rRNAs are also processed from
polycistronic precursors, and the mature rRNAs
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contain modifications similar to their eukaryotic
counterparts, currently there are no known prokary-
otic sSRNAs involved in rRNA metabolism. By con-
trast, many of the E. coli sSRNAs are involved in the
regulation of translation of target mRNAs. The only
characterized eukaryotic RNA that appears to modu-
late translation is the Caenorhabditis elegans lin4
RNA, which represses translation of its target genes
during development?2.

It is intriguing to speculate whether the differences
in apparent modes of action between eukaryotic
sRNAs and bacterial sSRNAs represent divergence be-
tween these types of organisms, or whether the differ-
ences are a function of how sRNAs have been discov-
ered and characterized, suggesting, therefore, the
presence of additional sSRNAs. For instance, many of
the eukaryotic sRNAs were first identified by im-
munoprecipitation with patient’s autoimmune sera
that recognize Sm and fibrillarin proteins, which are
present primarily in the nucleus and nucleolus. There-
fore, the dearth of eukaryotic sSRNAs known to be in-
volved in translational regulation might reflect the
fact that few cytoplasmic sSRNAs have been identi-
fied. Some of the prokaryotic sSRNAs are expressed
only under very defined conditions, and eukaryotic
sRNAs similarly expressed under limited conditions
might not have been discovered by approaches used
to date. Many of the prokaryotic sSRNAs were found
by chance and, thus, the number of identified SRNAs
and the range of known functions are probably limit-
ed. Given the known roles of eukaryotic sSRNAs, for
example in rRNA modification, it might be possible
to carry out directed approaches to identify prokary-
otic sSRNAs of similar function.

Unresolved issues

There are several important directions for future
studies of sSRNAs. First is the further characterization
of the sSRNAs with known functions. Although the
roles of the 4.5S, tmRNA, RNase P, OxyS, CsrB,
MicF, DicF and DsrA RNAs are at least partially un-
derstood, many general properties of these RNAs still
need to be evaluated. What are the relative amounts
of the sSRNAs? When and how are they expressed?
How stable are the sSRNAs? Do the sSRNAs contain
modified bases? For example, tmRNA contains two
types of modified nucleosides*!, and the 4.5S, Spot 42
and 6S RNAs have been reported to be unmodi-

Questions for future research

e Why do the characterized sRNAs from prokaryotes and eu-
karyotes target different cellular functions (i.e. translational
control and mRNA stability versus RNA processing and
modification)?

e What are general properties of the sRNAs (i.e. relative abun-
dances, stabilities, modifications, secondary and tertiary
structures, subcellular locations and patterns of expression)?

e How can functions for sRNAs be identified?

e How might additional sRNAs be discovered? How can genome
sequences be probed for information about sRNAs?
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fied”#?4, but the status of the other sRNAs is not
known. What are the secondary and tertiary struc-
tures of the sSRNAs? The secondary structures of 4.5S,
tmRNA and RNase P RNAs have been elucidated by
extensive phylogenetic comparisons and biochemical
analysis. Similar studies of the other sSRNAs would
be extremely informative for the identification of im-
portant structural and functional domains. Do the
sRNAs clearly act as RNAs? Mutational or biochem-
ical studies indicate that 4.5S, tmRNA, RNase P,
Spot 42, OxyS, CsrB, MicF, DicF and DsrA all func-
tion as RNAs, but in some cases further proof is war-
ranted. In addition, what is the subcellular localiz-
ation of the sSRNAs, and which proteins and RNAs
interact with these regulators? Information about all
of these characteristics is important for the evaluation
of models of sSRNA action.

A second important direction for future studies is
the identification of functions for sRNAs such as
Spot 42 RNA and 6S RNA. The abundance and con-
servation of both of these RNAs suggest that they
have cellular functions. Identification of interacting
factors and structural analysis might elucidate their
functions in a manner similar to the identification of
the role of 4.5S RNA in protein export. Further
evaluation of overexpression or deletion phenotypes
might also provide clues, as was the case for the
OxyS, MicF, DicF and DsrA RNAs. Alternatively, the
functions of these RNAs might be discovered fortui-
tously, as was the case for tmRNA.

Third, it is worth discussing how novel sRNAs
might be discovered. Computer searching of com-
plete genomes, based on parameters common to sev-
eral sSRNAs, could identify candidates. For example,
searches for a promoter sequence within a short dis-
tance of a terminator could be carried out. Of course,
not all sSRNA genes will contain recognizable pro-
moters or terminators. Multi-array chips or filters
can be probed with total RNA isolated under a vari-
ety of conditions. This approach might allow the dis-
covery of sSRNAs that are expressed only under very
defined conditions. As sSRNAs can be encoded sep-
arately or within other messages, the arrays would
need whole genome representation and not just ORFs
or operons. In addition to these global approaches,
further characterization of known sRNAs could re-
veal features that might be used to identify other
RNAs. For example, searches could be expanded to
include parameters such as common sequence or
structural motifs. Other features of the known
sRNAs might also provide clues. It is intriguing that
DicF RNA is encoded as part of a cryptic prophage*.
Are other sSRNAs associated with cryptic prophages?
OxyS and DsrA RNAs both require the Hfq protein
for function. Does Hfq interact with any other
sRNAs? If so, can it be used as an antigenic marker to
find additional sSRNAs? A combination of systematic
approaches, further characterization of the known
sRNAs, and chance might identify novel sSRNAs in
E. coli and other organisms.

Further studies of SRNAs are important for several
reasons. Information about the mechanisms of action
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would be extremely useful for biotechnological pur-
poses. For example, many companies have tried to
exploit antisense RNAs as regulators, but with only
limited success. Further understanding of cellular anti-
sense mechanisms might elucidate alternative, more
favorable approaches. In addition, given the flexibility
of RNA, the yet-to-be-characterized sSRNAs are likely
to have functions we have not yet imagined. An under-
standing of these functions should provide important
general insights into cellular regulation.
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