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The 2,3 cyclic phosphate termini are produced, as either intermediates or final
products, during RNA cleavage by many different endoribonucleases. Likewise, ribo-
zymes such as hammerheads, hairpins, or the hepatitis delita ribozyme, generate
2' 3'-eyclic phosphate ends. Discovery of the RNA 3'-terminal phosphate cyclase has
indicated that eyelic phosphate termini in RNA can also be produced by an entirely
different mechanism. The RNA 3'-phosphate cyclase converts the 3'-terminal phos-
phate in RNA into the 2',3'-cyclic phosphodiester in the ATP-dependent reaction
which involves formation of the covalent cyclase-AMP and the RNAN® pp A inter-
mediates. The findings that several eukaryotic and prokaryvotic RNA ligases require
the 2',3'-cyclic phosphate for the ligation of RNA molecules raised a possibility that
the RNA 3'-phosphate cyclase may have an anabolic function in RNA metabolism by
generating terminal cyclic groups required for ligation. Recent cloning of a cDNA en-
coding the human cyclase indicated that genes encoding cyclase-like proteins are
conserved among Eucarya, Bacteria, and Archaea. The protein encoded by the
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Escherichia coli gene was overexpressed and shown to have the RNA 3'-phosphate
cyclase activity. This article reviews properties of the human and bacterial cyclases,
their mechanism of action and substrate specificity. Possible biological functions of

the enzymes are also discussed.

The 2',3"-cyclic phosphate termini are pro-
duced during RNA cleavage by different endo-
ribonucleases. For many secretory degrada-
tive nucleases, such as RNases A or T1, eyclic
phosphates are formed as intermediates
which are subsequently opened into 3'-
monoesters. However, for tRNA-splicing en-
donucleases from Eucarya and Archaea, the
cyclic phosphate is a final product of the
cleavage (reviewed by Phizicky & Greer,
1993; Westaway & Abelson, 1995). In addi-
tion, the type I topoisomerase has recently
been shown to have endoribonuclease activity
yielding 2',3"-cyclic phosphate termini (Se-
gikuchi & Shuman, 1997). Ribozymes such as
hammerheads, hairpins, or the hepatitis delta
ribozyme, also generate 2',3'-cyclic phos-
phate ends (reviewed by Symons, 1992).

The fact that the 2',3"-cyclic phosphate has
an anabolic function in ENA metabolism
emerged when it was found that eukaryotic
RNA ligases require 2',3'-cyclic ends for RNA
ligation (Konarska et al, 1981:; 1982: Fili-
powicz et al, 1983; Filipowicz & Shatkin,
1983; Furneaux et al., 1983; Greer et al,
1983a; Schwartz et al., 1983; reviewed by Fili-
powicz & Gross, 1984; Phizicky & Greer,
1993; Westaway & Abelson, 1995). This re-
quirement applies to each of the two RNA li-
gases known to be involved in nuclear pre
tRNA splicing in eukaryotes. One of the li-
gases, an enzyme generating the 3',5"-phos-
phodiester, 2'-phosphomonoester linkage,
functions additionally in splicing of the un-
usual intron present in HACI pre-mBRNA in
yeast (Sidrauski & Walter, 1997). This ligase
may also be involved in ligation of virusoid
and viroid RNAs in plants (reviewed by Gen-
schik et al, 1998). Notably, the only known
cellular RNA ligase in eubacteria, which joins
RNA ends via the 2',5'-phosphodiester, also

requires 2',3"cyclic ends for ligation (Greer et
al, 1983b; Arn & Abelson, 1996).

In light of the reported role of cyclic phos-
phate termini in RNA metabolism, it was in-
teresting to discover that endonucleolytic
cleavage is not the only way to generate RNA
molecules bearing 2',3'-cyelic phosphates.
Such molecules can also be produced by the
action of the RNA 3'-terminal phosphate cy-
clase, an enzyme that catalyzes ATP-
dependent conversion of a 3'-phosphate at the
end of RNA to the 2’ 3"-cyclic phosphodiester.
RNA 3'-terminal phosphate cyclase has origi-
nally been identified in extracts of HeLa cells
and Xenopus nuclei (Filipowicz et al, 1983;
Filipowicz & Shatkin, 1983). The cyclization
of the 3'-terminal phosphate, catalyzed by the
enzyme, occurs in three steps (Filipowicz et
al., 1985; Reinberg et al., 1985; Vicente & Fili-
powicz, 1988; reviewed by Filipowicz & Vi-
cente, 1990):

(a) Enzyme + ATP = Enzyme-AMP + PP;
(b) RNAN®p + Enzyme-AMP -
RN&-NErppa'A + Enzyme
(c) RNA-N®pp® A - RNAN > p + AMP

Support for step (a) comes from identifica-
tion of the covalent cyclase- AMP complex and
the ability of 3'-phosphorylated RNA but not
the 3'-OH-terminated RNA to release AMP
from the preformed cyclase-AMP complex
(Filipowicz et al., 1985; Reinberg et al., 1985;
Vicente & Filipowicz, 1988; Genschik et al.,
1997; 1998). Step (b) is inferred from experi-
ments demonstrating accumulation of the
RNA-N3 ppE A molecules when the ribose at
the RNA 3'-4erminus is replaced with the 2'-
deoxy- or 2'-O-methylribose (Filipowicz et al.,
1985). Reaction (c) probably occurs nonenzy-
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matically as the result of nucleophilic attack
by the adjacent 2'-OH on the phosphorus in
the phosphodiester linkage. Mechanistically,
with respect to covalent modification of the
protein and a transfer of the nucleotidyl
group from the protein-NMP intermediate to
the terminal phosphate or pyrophosphate in
nucleie acids, the cyclase resembles RNA and
DNA ligases, and capping enzymes (reviewed
by Shuman & Schwer, 1995). However, recent
characterisation of the genes encoding the
RNA 3'-terminal phosphate cyclase in hu-
mans and in Escherichia coli has indicated no
structural relationship between these en-
zymes and the cyclase (Genschik et al., 1997:
1998). At the same time, cloning experiments
have revealed that the RNA 3'-terminal phos-
phate cyclase is conserved among Eucarya,
Bacteria and Archaea, suggesting that the en-
zyme performs an important function in RNA
metabolism.

This article reviews properties of the human
and bacterial cyclases, their mechanism of ac-
tion and substrate specificity. Possible bio-
logical functions of the enzymes are also dis-
cussed.

PURIFICATION AND CLONING OF
THE HUMAN CYCLASE c¢DNA

The cyclase has been purified from HelLa
cell extracts more than 6000fold to approxi-
mately 80% homogeneity, with the final yield
of 6% (Vicente & Filipowicz, 1988; Filipowicz
& Vicente, 1990; Genschik et al, 1997). The
procedure involves DEAE-cellulose, Heparin-
Sepharose, Poly(A)Sepharose, Mono-S and
Blue-Sepharose steps. Chromatography on
Heparin-Sepharose yielded two peaks of activ-
ity (Filipowicz et al, 1985); it is not known
whether they represent two different cyclases
known to be expressed in human cells (see be-
low) or modified forms of the same protein.
Covalent labelling of the enzyme with [a-
32PJATP greatly facilitated identification of
the cyclase polypeptide during final stages of

purification. Analysis of the Blue-Sepharose
fraction by the glycerol gradient centrifuga-
tion indicated that cyclase activity cosedi-
ments with the about 40-kDa band of adenyly-
lated protein as determined by SDS/poly-
acrylamide gel electrophoresis followed by
silver staining and autoradiography (Fig. 1).
The purified cyclase did not contain detect-
able DNase, RNase, ATPase, GTPase, unspe-
cific phosphatase or nucleoside diphosphoki-
nase activities (Vicente & Filipowicz, 1988).
In addition, Reinberg et al (1985) have re-
ported that partially purified cyclase from
HeLa cells did not contain myokinase, 2',3'-
cyclic phosphodiesterase or RNA ligase activi-
ties. Likewise, no RNA ligase activity was as-
sociated with the purified recombinant hu-
man enzyme (Genschik et al, 1997).

Purified protein was subjected to tryptic di-
gestion and four peptides were microse-
quenced. Different combinations of degener-
ate oligonucleotide primers were used in or-
der to clone, using a PCR approach, a cDNA
encoding the enzyme. A partial PCR-derived
cDNA was used as a probe to screen a HeLa
Agtll ¢DNA library. Eight positive clones
were isolated; additional procedures were
used to obtain the missing 5'-proximal
cDNA sequence. The characterised cDNA
encods a 39.4-kDa protein of 366 amino ac-
ids. All the microsequenced peptides are
present in the deduced protein (Genschik et
al.,, 1997).

ACTIVITY OF THE HUMAN
CYCLASE

The cyclase was overexpressed in E. coli as a
fusion protein with glutathione Stransferase
and purified using glutathione-Sepharose 4B
resin. The recombinant protein was demon-
strated to have RNA 3'-terminal phosphate
cyclase activity. Since properties of the native
and recombinant enzymes are very similar
(Genschik et al., 1997), they will be discussed
together.
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Figure 1. Analysis of the purified HeLa cell cyelase by glyeerol gradient centrifugation.

(A} Profile of cyclase activity. One-half microgram of the Blue-Sepharose (BS-600)-purified fraction was analyzed
by sedimentation in a 15-35% glycerol gradient. Centrifugation was for 36 h at 56000 r.p.m. in a Beckman SW&0
rotor. Aliquots of 0.4 ul of each fraction were assayed for cyclase activity with 240 fmol of (Np),Gp* substrate. The
positions of marker proteins are indicated by arrows. (B and C) 8DS8/10% PAGE analysis of the gradient fractions
afier labelling with [EI-SEP]ATP. Aliquots (60 u1) of glycerol gradient fractions 15 (lane 1) and 17-22 (lanes 2 to 7)
were incubated with e P JATP {40 uM, specific activity 2 Ci‘mmol) for 3 h under standard conditions but with-
out the oligonucleotide substrate; lane BS contained 20 ng of BS600 fraction that was not incubated with [er-
32]‘]4\']‘!‘. M, (107 q] of marker proteins are shown at lefl. The band corresponding to evelase is indicated by an ar-
row and the contaminating proteins in fraction BS-600 by asterisks. The artifactual bands visible in all gel lines (B}
are caused by overstaining with silver. (B) Silver-stained gel. (C) Autoradiogram. (From Vicente & Filipowicz,
1988; reprinted with permission).

belled phosphate group, such as oligoribonu-
P]EDtldES CCCGA’CCCCG p* or AAAAUAA-
AAG® p* (p* denotes *Plabelled phosphate),
which has been used in most of the experi-

Cyclase assays

Activity of the human cyclase to catalyse
conversion of the 3'-terminal monoester into

cyclic phosphodiester has been measured ei-
ther directly or by using a competition assay.
Formation of the 2',3'¢cyclic phosphate in the
RNA or oligoribonucleotide substrate can be
directly assayed by thin-layer chromatogra-
phy (TLC), following digestion of the reaction
products with nuclease P1. Alternatively,
since cyclisation renders the 3'-terminal phos-
phate resistant to the action of alkaline phos-
phatase, generation of the phosphatase-
resistant radioactivity can be conveniently
measured by retention on activated charcoal
(Norit). Either assay requires substrates in
which the 3’-terminal phosphate is the only la-

ments. For the TLC assay, substrates labelled
at the penultimate phosphate such as CCC-
CACCCCGp*C¥p or AAAAUAAAAGP*C? p
conveniently prepared by ligation of the [5'-
2p1pCp to the 3'-hydroxylterminated RNA,
can also be used. In competition assays, dif-
ferent unlabelled nucleotides or oligonucleo-
tides are tested for their ability to compete
with the cyclisation of the radiolabelled
AAAAUAAAAG? p* substrate. Finally, an-
other assay measures activity of different
compounds to release AMP from the pre-
formed adenylylated enzyme complex. The
complex is formed by preincubation of cyclase
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with [cx=32P]ﬁTP and incubations are then
continued in the presence of increasing quan-
tities of different oligonucleotides.

Substrate specificity

The human cyclase can utilize molecules
with different sequences and base composi-
tion as substrates. A nature of the 3'-terminal
base also does not appear to be of importance.
Molecules demonstrated to act as substrates
include: tRNApNp, 5S rRNA-pCp, tobacco
mosaic virus RNA fragments modified by liga-
tion of pGp, pAp or pCp, and pure oligoribo-
nucleotides of different lenghts and se-
guences such as CCCCACCCCGp, CCCCCAC-
CCCGCp, AAAAUAAAAGD, AAAAUAAAAG-
Cp, (Up)1opGp, (Ap),pAp or AUGp. Ribonu-
cleoside 3'-phosphates and ribonucleoside
5',3'diphosphates do not act as substrates
for the cyclase (Filipowicz et al., 1983; 1985;
Reinberg et al, 1985; Filipowicz & Vicente,
1990; Genschik et al., 1997). Since 3'-phosph-
orylated dinucleotides do not compete with
the phosphate cyclisation in AAAAUAAA -
AG?® p* (Genschik et al,, 1997), it appears that
trinucleotides are the shortest oligonucleo-
tides able to act as substrates for the cyclase.

The observation that oligoribonucleotides
containing terminal 2'-deoxy- or 2'-O-methyl-
ribose can be converted, in the presence of cy-
clase and ATP, into products heanng the 3'-
termmal structures  dN?’ pp A and
N™3'pp® A, respectively (Filipowicz et al,
1985), raised the possibility that 3'-phos-
phorylated DNA molecules can be physiologi-
cal subsirates for the cyclase. However, com-
parison of the ability of the 3’ phusphurylated
oligoribonucleotide, AAAAUAAAAG? p, and
the uhgo-denxynhunucleut:de of equivalent se-
guence, AAAATAAAAG® p, to aect as sub-
strates in the cyclisation assay indicated that
the DNA version is approximately 500-fold
less active (Fig. 2). Likewise, a mixture of 3'-
phosph-::rrylated oligodeoxyribonucleotides
[{dN]npdN p] was a poor competitor in the
reaction. The 3'-phosphorylated oligoribo-

and oligodeoxyribonucleotides were also com-
pared for their ability to release AMP from
the preformed adenylylated enzyme complex.
Again, deoxyribooligonucleotides were found
to be at least a 1000-fold less active than the
RNA compounds (Fig. 2). Taken together,
these results indicate that 3'-phosphorylated
oligodeoxyribonucleotides are very inefficient
substrates for the cyclase.

Requirements of the eyclization reaction

The cyclase requires ATP as a cofactor but
it can also use, though very inefficiently,
other ribonucleoside triphosphates. The ap-
parent K, values for ATP and GTP are 6 uM
and 200 uM, respectively. ADP and nonhydro-
lyzable a,f-methylene (AMPCPP) and f§,y-
methylene (AMPPCP) analogs of ATP, do not
act as co-factors. Adenosine 5'{y-thio)tripho-
sphate (ATPyS) is a slightly more effective co-
factor than ATP. The optimal concentration
of monovalent ions, Na' or K, is 150-200
mM and of divalent ions, Mgm, is 4-5 mM.
Only about 5% of activity is seen when Mg®" is
replaced with Mn®* or Ca®". The pH optimum
for the human cyclase is 8.0-9.0 (Filipowicz
et al, 1985; Reinberg et al, 1985; Vicente &
Filipowicz, 1988; Genschik et al., 1997).

INTRACELLULAR LOCALIZATION OF
THE CYCLASE AND ITS EXPRES-
SION IN DIFFERENT HUMAN
TISSUES AND ' CELL LINES

Since specific antibodies against the human
cyclase are not available, the intracellular lo-
calization of the enzyme was determined by
an epitope-tagging and indirect immunofluo-
rescence approach. A myc epitope was fused
in frame to the N-terminus of the protein. Ex-
pression of the tagged protein was studied in
transfected HeLa cells, rat glioma C6 cells
and mouse embryonal carcinoma P19 cells.
Using a mouse anti-mye monoclonal antibody
and fluorescein isothiocyanate-conjugated
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(FITC-conjugated) goat anti-mouse antibody,
and the confocal laser scanning microscopy,
it was found that 98-99% of cyclase localizes
to the nucleus. The protein shows a diffuse
distribution throughout the nucleoplasm and
is excluded from the nucleoli. The staining
was independent of the amount of plasmid
used for transfection or the time at which
cells were collected after transfection (Gen-
schik et al., 1997).

Expression of the cyclase gene was studied
by Northern analysis. The cyclase mRNA was
found to be expressed in a wide range of hu-
man tissues (heart, brain, placenta, lung,

1998

Figure 2. Activity of oligo-
ribo- or oligodeoxyribonu-
cleotides containing either
AMA'.',‘AA.MG{M 3'-p or 3'-OH termini in
the competition (A) and
AMP release (B) assays.

(A} Cyclase assavs were per-
formed as described by Gen-
schik et al. (1997). They con-
tained 360 pg of the overex-
pressed cyclase, 40 fmol of
AAAAUAAAAG® p* and dif-
ferent unlabelled oligonucleo-
tides, acting as substrates or
competitors, at molar excess
over AAAAUAAAAG® p* as
indicated, The 3"-0H-
containing AAAATAAAAG
(DNA" OH) was obtained ei-
ther by chemical synthesis
(o) or by dephosphorylation
of DNA® p with CIP (). (B)
AMP release assays. Differ-
ent amounts of substrates
(described in panel A) were
added: none (lane NJ; 2 fmol
{lane a); 22 fmol (lane b); 220
fmol (lane c); 2200 fmol (lane
d); 20 pmol (lane &) and 200
pmol (lane f). (Reproduced,
with permission, from Gen-
schik et al, 1997).

skeletal muscle, kidney, pancreas) and cells
lines (HeLa, MCF7 adenocarcinoma, K562
myeloid leukemia, Namalwa Burkitt lym-
phoma, HUT78 and Jurkat T-cell lymphomas,
and 293T primary embryonic kidney line).
Among the tissues analyzed, the highest
mRNA level was observed in a skeletal mus-
cle. Two hybridizing RNA species, approxi-
mately 1.8-kb- and 3-kb-long, were identified
in all tissues and cell lines. The 1.8-kb
mRNA corresponds in size to the character-
ized cDNA,; identity of the longer RNA re-
mains to be established (Genschik et al.,
1997).



Vol. 45

PROPERTIES OF THE E. COLI

CYCLASE

Cloning of the human cDNA has revealed
that genes encoding proteins of unknown
function, but sharing significant similarity
with the human cyclase, are present in many
different organisms belonging to all three do-
mains of life: Eucarya, Bacteria and Archaea
(see below). The protein encoded by the E. coli
gene, having similarity with the human cy-
clase cDNA, has been bacterially overex-
pressed as a fusion protein with the histidine
tag added to the C-terminus for the purifica-
tion purpose (Fig. 3). Analysis of the require-
ments and substrate specificity of the purified
recombinant E. coli protein demonstrated
that properties of the bacterial and human en-
zymes are very similar (Genschik et al, 1997,
1998).

The E. coli enzyme can catalyze cyclization
of the 3'-terminal phosphate in synthetic oli-
goribonucleotides such as CCCCACCCCGp,
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AAAAUAAAAGp (Fig. 3) and AAAAUA-
AAAGCp and in natural RNAs (the E. coli 55
rRNA or human Ul4 snoRNA) modified by
ligation of [5'-3%PIpCp to the 3'-terminus.
Competition experiments carried out with nu-
cleoside 3'-monophosphates and nucleoside
5',3"-bisphosphates indicated that these com-
pounds do not act as substrates for the E. coli
enzyme. Furthermore, competition and AMP
release experiments have shown that 3'-
phosphate-terminated DNA molecules are
two to three orders of magnitude poorer sub-
strates than RNAs.

Although requirements of the E. coli cyclase
are similar to that of the human protein,
some differences are also apparent. One of
them is the ability of Mn®" ions to replace
Mg?" in reactions catalyzed by the E. coli but
not by the human cyclase. In the presence of
Mn?', the enzyme activity was 50-70% higher
than in the presence of Mgﬂ ', With both cati-
ons, a broad optimum was found at 1-4 mM.
No activity was seen with Ca2+, Zn2+, or Cu?’

50 -
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Figure 3. Purification and activity of the overexpressed E. coli cyclase.

{A) Purification of the protein fused to the 6 x His tag as monitored by SDS/PAGE. Lane 1, size markers; lane 2,
40 pg of extract from the induced E eoli culture; lane 3 und-’} 3 pg and 9 ug of the purified protein, respectively.
(B} Comparison of CCCC acccea? p* and AAAAUAAAAG p* substrates. (Reproduced, with permission, from

Genschik et al, 1997).
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Activity of the E. coli enzyme was similar at 0
and 0.1 M NaCl, and addition of NaCl to 0.2 M
or 0.4 M inhibited eyclisation by 30% and
T0%, respectively. At 20 or 50 mM, Na-phos-
phate did not inhibit the reaction but Na-pyro-
phosphate was strongly inhibitory (Genschik
et al., 1998). The E. coli enzyme preferentially
uses ATP as a cofactor. However, GTP is a
relatively more efficient cofactor with the E.
coli than with the human enzyme. Apparent
K values for ATP and GTP are, respectively,
20 and 100 uM for the E. coli protein and 6
#M and 200 uM for the human protein. ATP
could not be replaced by either AMPCPP or
AMPPCP, or by the §,y-imido analog of ATP
(AMPPNP). ATPyS was about 20% more ac-
tive than ATP (Genschik et al.,, 1998).
Consistent with the eyclization reaction pro-
ceeding via the formation of the covalent
enzyme-NMP intermediate, the bacterial en-
zyme was found to undergo adenylylation and
the adenylyl group could be released from the
preformed cyclase-AMP complex protein
upon incubation with the 3'-phosphorylated
RNA but not the 3'-OH-terminated RNA. Co-
valent labelling of the bacterial cyclase with
[¢-**P]GTP and, much less efficiently, with
[@-*?PICTP, [¢-*?P]UTP and [a->2P]dATP
was also observed (Genschik et al, 1998).

STRUCTURE OF THE CYCLASE
OPERON IN E. COLI

The E. coli cyclase gene, named rtcA, forms
part of a previously uncharacterized operon,
positioned at 76 min on the E. coli K12 chro-
mosome and containing two additional open
reading frames (ORFs) (Fig. 4). The ORF posi-
tioned immediately upstream of the cyclase,
named ricB, encodes a protein which is also
highly conserved between Eucarya, Bacteria,
and Archaea. Analysis of sequences of RtcB
and RtcB-like proteins from other organisms,
did not provide any clue as to the function of

the protein. Another ORF, called rtcR, is posi-
tioned upstream of the rteA/rtcB transerip-
tion unit and is transcribed in the opposite di-
rection. It encodes a protein having features
of regulators involved in a transcriptional
control of operons depending on the alterna-
tive sigma factor, 0”°. By overexpressing the
N-terminally truncated form of RtcR, it has
been demonstrated that this regulator indeed
controls expression of the cyclase (rted) and
rteB genes in a 0 -dependent manner. Phy-
siologically, activation of most o“‘*-sp&cific
regulators, and consequently of operons con-
trolled by them, is brought about either by
phosphorylation or by binding of specific ef-
fector molecules to the regulator (reviewed by
Shingler, 1996). A potential effector interact-
ing with RtcR is not known. Its identification
might provide some clues as to the funetion of
the cyclase and its operon in E. coli. With the
exception of Myxococcus xantus (Keseler &
Kaiser, 1997), in all bacteria studied to date,
0 and consequently also genes or operons
dependent on it were found not to be essential
for growth. Consistent with this, knock-out
experiments have shown that the gene encod-
ing cyclase is not required for E. coli growth
on either LB or a minimal M9 medium (Gen-
schik et al, 1998). Products of genes con-
trolled by o°* factors have very diverse
physiological functions. They are involved in
specialized metabolic processes such as utili-
zation of alternative carbon sources or assimi-
lation and fixation of nitrogen (reviewed by
Merrick, 1993; Shingler, 1996). In Caulobac-
ter crescentus and Myxococcus xantus, o and
054-specific transcription regulators are in-
volved in important cell differentiation deci-
sions (Gulati et al., 1995; Wingrove & Gober,
1994; Keseler & Kaiser, 1995, and refer-
ences therein). Identification of physiologi-
cal conditions leading to the activation of the
cyclase operon would greatly help to estab-
lish a role of this enzyme in RNA metabolism
in bacteria.
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CONSERVATION OF CYCLASE
AMONG EUCARYA, BACTERIA
AND ARCHAEA

To date, genes or Expressed Sequence Tags
(ESTs) encoding cyclaselike proteins have
been identified in organisms belonging to all
three kingdoms. Eukaryotic organisms in-
clude mouse, Drosophila melanogaster, zebra
fish, Caenorhabditis elegans, Arabidopsis thali-
ana, Schizosaccharomyces pombe, Saccharomy-
ces cerevisiae, Toxoplasma gondii and Dictyos-
telium discoideurn. In mammals, atl least two
genes expressing related proteins, showing
approximately 30% identity and 52% similar-
ity, have been identified (Genschik et al.,

mal T
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1997). In bacteria, genes encoding cyclase-
like proteins, in addition to E. coli, are pres-
ent in Pseudomonas aeruginosa and Aquitex
aeolicus. They are also found in Methanococ-
cus jannaschii and other Archaea. However,
no obvious homologs to the cyclase could be
found in the streamlined bacterial genomes
such as that of Haemophilus influenzae, Myco-
plasma genitalium and Helicobacter pylori, and
also in Bacillus subtilis and Synechocystis sp.
(Genschik et al., 1997; unpublished observa-
tions).

Proteins belonging to the family of RNA cy-
clases have no apparent structural features in
common with other known proteins. In par-
ticular, no sequences corresponding to known
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Figure 4, Structure of the cyclase operon and the sequence of the intergenic promoter region between

rteB and ricR.

Genes constituting the cyclase operon are shown as filled black arrows. The ricH transcription start site, as estab-
lished by primer extension analysis, is indicated by a bent arrow. Translation start sites for rteB and rtcR are
marked with arrows and E:utntiva ShineDalgarno sequences are underlined. The -12 and -24 consensus se-
quences characteristic of o . promoters are boxed. Sequences resembling the most highly conserved regions of the
consensus binding site, AATCAAN,TTA, for the integration host factor (IHF) are indicated by boxes connected by
the dotted lines. (Reproduced, with permission, from Genschik ot al, 1998).
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nucleotide-binding motifs or RNA-binding do-
mains could be identified. Previous analysis
of the stability of the covalent cyclase-AMP
complex suggested that AMP is linked to the
protein via a phosphoamide linkage, possibly
involving the ¢-amino group of a lysine (Rein-
berg et al.,, 1985; Vicente & Filipowicz, 1988).
However, no lysine is present at conserved po-
gition in all proteins. With respect to the abil-
ity to transfer the nucleotidyl group from the
protein-NMP intermediate to the terminal
phosphate or pyrophosphate in nucleic acids,
the cyclase resembles RNA and DNA ligases
and capping enzymes (reviewed by Shuman &
Schwer, 1995), but none of the sequence mo-
tifs shared by these enzymes (Shuman &
Schwer, 1995) is apparent in the RNA cy-
clase.

POSSIBLE FUNCTION
CYCLASE

OF THE

The biological role of the RNA 3’'-terminal
phosphate cyclase remains unknown. How-
ever, conservation of the enzyme among
Eucarya, Bacteria and Archaea strongly ar-
gues that it performs an important function
in RNA metabolism. The eyclase likely func-
tions in some aspects of cellular RNA process-
ing. The predominantly nucleoplasmic local-
ization of the enzyme in mammalian cells and
its ability to use poly- and oligoribonucleo-
fides but not mono- or diribonucleotides as
substrates are consistant with this possibility.
Experiments in which activity of oligoribo-
and oligodeoxyribonucleotides of identical se-
quence was compared have revealed that oli-
goribonucleotides are about 500-fold better
substrates than oligodeoxyribonucleotides for
the human and the E. coli cyclase. Hence, it is
rather unlikely that the cyclase participates in
DNA- rather than RNA-related processes.

The anabolic function of the 2',3'-cyclic
phosphate in RNA first emerged when it was
found that eukaryotic RNA ligases require
2',3'cyclic ends for RNA ligation (Konarska

et al,, 1981; 1982; Filipowicz et al., 1983; Fili-
powicz & Shatkin, 1983; Furneaux et al,
1983; Greer et al, 1983a; reviewed by Fili-
powicz & Gross, 1984; Westaway & Abelson,
1995). This requirement applies to both of the
nonorganellar RNA ligases characterized to
date, one ligating RNA ends via the unusual
3',5"-phosphodiester, 2'-phosphomonoester
linkage, and the other joining the ends via the
regular 3',5'-phosphodiester. The involve-
ment of the two RNA ligases in nuclear pre-
tRNA splicing is well documented but these
enzymes might also function in the ligation of
other natural RNA molecules such as viru-
soids and viroids (reviewed by Filipowicz &
Gross, 1984; Phizicky & Greer, 1993; Westa-
way & Abelson, 1995; see also Sidrauski &
Walter, 1997). Although the splicing endonu-
cleases directly generate 5'-tRNA halves car-
rying 2',3"-cyclic phosphate during tRNA
splicing reactions, it is possible that other pu-
tative substrates depend upon the action of
RNA 3'-terminal phosphate cyclase to form
the eyelic ends. It is of interest that the only
cellular RNA ligase identified to date in bacte-
ria also requires 2',3'-cyclic ends for ligation
(Greer et al, 1983b; Arn & Abelson, 1996).
The bacterial ligase joins RNA ends via the
2',6"-phosphodiester linkage. The E. coli en-
zyme appears to be specific for ligation of
tRNA halves (Arn & Abelson, 1996) but its
physiological substrates and the mechanism
of production of their cyclic ends remain un-
known. tRNA genes in Archaea contain in-
trons which structurally resemble nuclear
tRNA gene introns but the requirements for
ligation of tRNA halves in Archaea have not
been characterized (reviewed by Westaway &
Abelson, 1995).

Alternatively, the cyclase might be responsi-
ble for cyclization of the 3'-terminal phos-
phate in the spliceosomal U6 snRNA. Lund &
Dahlberg (1992) have found that U6 RNA in
most eukaryotes investigated contains a 2°,3'-
cyclic phosphate end. The mechanism and en-
zymes responsible for this modification are
unknown. Finally, it is possible that the cy-
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clase is not a component of an RNA ligation
pathway but modifies the RNA 3’ end for a
different purpose, for example, activation of
RNA for exonucleolytic degradation. Rich-
ards & Laskowski (1969) have shown that the
presence of a terminal 3'-phosphate makes an
oligonucleotide largely resistant to 3'= 5’
exonucleolytic degradation by snake venom
phosphodiesterase. The resistance may be
due to the strong negative charge at the 3’
end since oligonucleotides bearing a 2',3'-
cyclic phosphate were found to be almost as
active as the 3'-OH-terminated substrates.
Identity of physiological substrates for the
RNA 3'terminal phosphate cyclase and its
biological role remain to be established.
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