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ABSTRACT

The RNase P RNA gene ( rnpB) from 10 cyanobacteria
has been characterized. These new RNAs, together
with the previously available ones, provide a com-
prehensive data set of RNase P RNA from diverse
cyanobacterial lineages. All heterocystous cyano-
bacteria, but none of the non-heterocystous strains
analyzed, contain short tandemly repeated repetitive
(STRR) sequences that increase the length of helix
P12. Site-directed mutagenesis experiments indicate
that the STRR sequences are not required for catalytic
activity in vitro. STRR sequences seem to have
recently and independently invaded the RNase P RNA
genes in heterocyst-forming cyanobacteria because
closely related strains contain unrelated STRR
sequences. Most cyanobacteria RNase P RNAs lack the
sequence GGU in the loop connecting helices P15 and
P16 that has been established to interact with the
3’-end CCA in precursor tRNA substrates in other
bacteria. This character is shared with plastid RNase P
RNA. Helix P6 is longer than usual in most cyanobacteria
as well as in plastid RNase P RNA.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos X97388—-X97397

the coding sequenceAhabaenap. PCC 7120 ar@ialothrixsp.

PCC 7601 RNase P RNAZ). The STRR sequences increase the
length of helix P12 (Fidl). In this work we describe 10 additional
RNase P RNA sequences from diverse cyanobacteria that
represent the main evolutionary lineages of this group of bacteria.
The new sequences described here, together with those previously
available from cyanobacteria and plastids, represent a comprehen-
sive set of this broad group of organisms. All heterocystous strains
contain STRR sequences that increase the length of helix P12.
Deletion of the STRR sequences does not significantly affect
vitro enzymatic activity of the RNAs.

Most of the cyanobacterial RNase P RNAs lack a GGU
sequence in the loop connecting P15 with P16 postulated to
interact with the 3end RCCA sequence of substrates 16).

This character is shared with the plastid RNase P RNAs and
suggest a different mechanism of substrate interaction.

Furthermore, the comparative analysis described here supports
an extension of helix P6 from 4 to 7 bp in most cyanobacteria.

MATERIALS AND METHODS

PCR amplification and sequencing of cyanobacterienpB
genes

DNA was obtained frorBynechocystisp. PCC 6308\nabaena
sp. ATCC 29413Fischerellasp. UTEX 1829Nostocsp. PCC

RNase P is a ubiquitous ribonucleoproteic enzyme responsiti@07 andNostocsp. PCC 7413 as describéd)(and 1 ng used

for generation of the maturé-&nd of tRNA from precursor for PCR reactions. PCR was done on whole cells in strains
molecules by a single endonucleolytic cleavdgéd), In bacteria Dermocarpasp. PCC 743 Qscillatoriasp. PCC 7515%ynecho-

the enzyme is composed of a single RNA molecule of 350-450 abccus sp. PCC 6717 Synechococcusp. PCC 7001 and
and a small basic protein. The RNA subunit is the catalyti®ynechococcigp. PCC 7003. In this case a small number of cells
subunit and it can cleave its substraegitro in the absence of were dispersed in TE buffer and heated tC%or 10 min,
protein under appropriate buffer conditiorig. (This catalytic  centrifuged briefly and an aliquot of the supernatant used for PCR.
RNA has been extensively studied and a large set of sequenB®¥3R was done witfiaqg DNA polymerase and using degenerate
has been obtained)( On the basis of this information as well asoligonucleotide primers complementary to highly conserved
on biochemical data, secondary and tertiary structure modedsquences located near thednd 3-ends of bacterial RNase P
have been proposed{L0). The RNase P RNA subunit has beenRNA genes. The primers used were 59FGBGAGGAAAGTC-
characterized in several cyanobactetia-{ 3). From this limited CIIGCT-3) and 347R (5RTAAGCCGGRTTCTGT-3 (7;

data set it could be concluded that cyanobacterial RNase P RNFg. 1). The PCR products were purified on a 3% agarose gel and
conforms to the model proposed for bacterial RNase P but hdisectly cloned in pGEM-T (Promega) and both strands sequenced
several peculiarities, the most surprising being the presencewith Sequenase 2.0 (US Biochemicals). To make sure that the
short tandemly repeated repetitive (STRR) sequefidewithin  sequences obtained did not contain mutations introduced by the
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Helices are designated according to Hzteed (7). The two highly conserved

regions used for PCR amplification are shaded.

Sequence and structure analysis

X97388-X97397.

Table 1.Source of cyanobacteria and plastid RNase P RNA sequences

Organism

Accession no. Reference

Non-heterocystous cyanobacteria
Dermocarpasp. PCC 7437 (partial)
Oscillatoria sp. PCC 7515 (partial)
Pseudanabaensp. PCC 6903
Synechococcusp. PCC 6301
Synechococcusp. PCC 6717 (partial)
Synechococcusp. PCC 7001 (partial)
Synechococcusp. PCC 7003 (partial)
Synechocystisp. PCC 6308 (partial)
Synechocystisp. PCC 6803

Heterocystous cyanobacteria
Anabaenasp. ATCC 29413 (partial)
Anabaenasp. PCC 7120
Calothrix sp. PCC 7601
Fischerellasp. UTEX 1829 (partial)
Nostocsp. PCC 7107 (partial)
Nostocsp. PCC 7413 (partial)

Unidentified cyanobacteria
PS#4 (partial)

ESH183A (partial)

Plastids
Cyanophora paradoxayanelle
Porphyra purpureachloroplast

X97396
X97397
X73135
X63566
X97392
X97391
X97393
X97390
X65707

X97389
X65648
X65649
X97388
X97394
X97395

U28099
U28093

u30821
u38804

This work
This work
13
11
This work
This work
This work
This work
12

This work
12
12
This work
This work
This work

10
10

35
36

Mutagenesis

Deletion of the STRR sequences in helix P1Awo&baenasp.

PCC 7120 and of the equivalent region in helix P12 of
Figure 1. Anabaenasp. PCC 7120 RNase P RNA secondary structure model. gxgﬁ%@ogj’[t%penzgg ﬁgﬁ?hgﬁltifgéeéigsbégg%]L(J;L%C:RSS;‘)
For this purpose a genomic fragment containing\trebaenar
SynechocystisipB genes12) was cloned in the pALTER vector

and mutagenesis done according to the manufacturer. The muta-
genic oligonucleotides were-6ATAGTGCCACAGAAAAAT-

. N ACCGCCAAGAAACTTGGTAAGGGTGCAAAGGTGCGG-

PCR procedure, two independent amplifications were done fqrAAG-S’ for Anabaenaand 5GACAGTGCCACAGAAAA-

each strain and two clones of each were sequenced separateWI'ACCGCCCTITI‘I'AAGGGTAAGGGTGC AAAGGTGCGG-

TAAG-3' for Synechocystis

After mutagenesis thepB genes were amplified by PCR with
a forward primer that contains BadRl site and the T7 promoter
All the available RNase P RNA sequences from cyanobactergad overlaps the'®nd of the coding sequence and a reverse
and plastids (Tablel) were aligned manually based on theprimer that contains Bral site overlapping the'3and of the
conserved secondary structure elements. Sequences derived fomting sequence and Hindlll site. A PCR fragment of the
PCR primers as well as the variable sequences in helix P12 (gegected size was obtained, purified, digested BRI and
Results) were excluded from the alignment. A phylogenetic tredindlll and ligated into pUC19 that had been treated with the
based on the aligned RNase P RNA sequences was generaache enzymes.
using the maximum likehood procedure of the PHYLIP package The primers used for PCR were as followsabaena
(18). All the RNase P RNA sequences and secondary structuriesward, 3-GGAATTCTAATACGACTCACTATAGGGAGAG-
are available from the Ribonuclease P (http:/mww.mbio.ncsu.eddGTAGG-3; reverse, SCCCAAGCTTTAAAAGAGGAGA-
RNaseP/) §), GenBank and EMBL databases. The accessioBAGTTG-3. Synechocystiforward, 3-GGAATTCTAATAC-
numbers for the new sequences described in this work a@ACTCACTATAGAGAGTTAGGGAGG-3; reverse, 5CCCA-
AGCTTTAAAAAAAGAGAGTTAGTC-3'.



Nucleic Acids Research, 1997, Vol. 25, No. 13473

Fischerella sp. UTEX 182%*

Calothrix sp. PCC 7601*
¥ Nostocsp. PCC7107*

Synechocaccus sp. PCC 7001

Anabaena sp. ATCC 29413*
Anabaena sp. PCC 7120*

Synechocystis sp. PCC 6803

Pseudanabaena sp. PCC 6303

"Nostoc sp. PCC 7413%

Synechococcus sp. PCC 6301

Synechacoccus sp. PCC 6717
Synechococcus sp. PCC 7003

Synechocystis sp. PCC 6308
Oscillatoria sp. PCC 7515
Dermocarpa sp. PCC 7437

Cyanophora paradoxa
cyanelle

Porphyra purpurea
chloroplast

Figure 2. Phylogenetic tree based on RNase P RNA sequences from cyanobacteria and plastids. Stars indicate the sequences REt semi@ncss in helix
P12. Branch length is proportional to sequence divergence. The circled area contains the heterocyst-forming strains amtbinged4édold to help in visualization
of the relationships among their RNase P RNAs.

Table 2. Structure of heterocyst-forming cyanobacterial RNase P RNAs

Strain STRR sequence STRR type

Anabaenasp. PCC 7120 ATTGGGG ACTGGGG ACTAGGG GTTGGGG ACTGGGG aagaa STRR1
ACTTCCC AATCCCT AATCCCC CATACCC AATACCC

Nostocsp. PCC 7413 ATTGGGG CTAGGGA CTAGGGA CTGGGGA CTGGGGA agaa STRR1
ACTTCCC AATCCCT AATCTCA GATGCTC GATCCCC

Anabaenasp ATCC 29413  AACAATT CAAAATT CAAAATT CAAAATT CAAAATG aataat STRR6
TTTGGAT TTTGAGT CTTAGTT ATGAATT CAATTTT

Nostocsp. PCC 7107 AACAAGT AAAAAGT AAAAAGCA AAAAAGC AAAAGAA acaaaaattt STRR6
CTTTTTACTTTTGC CCTTTAACTTTTGC CTTTTTT

Calothrix sp. PCC 7601 ATTAGTC ATTAGTC ATTTGTC ATTAGTC ATTTGGA aaa STRR2
ACACAAA GGACAAA GGACAAA GAACAAA TGACCAA

Fischerellasp. UTEX 1829 CAGTGAA CAGTGAA CAGTTAT CAGTGAA CAGTAAA taa STRR3

CTGATAA CTGATAA CTGATAA CTGATAA CTGAAAA

The portion of helix P12 containing the STRR sequences is shown. The STRR sequences in the first half of each helix mtaeshawine
and the STRR sequences in the second half on the bottom line for each strain. Lower case represents sequences comtecingpestss
The STRR types are defined according to Mezell (14) and Jackman and Mulligan (24).

The wild-typernpB genes were amplified with the same primergpolymerase 19). The RNAs obtained would contain the same
and cloned in the same way. All the constructions were confirmeshds and sequence as the authékigbaenaor Synechocystis
by sequencing. The plasmids obtained after digestionvidh  RNase P RNAs or their mutant derivativA®12).
were used forin vitro run-off transcription with T7 RNA
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Figure 3. Sequence and possible secondary structure of helix P12 in cyanobacteria and plastid RNase P RNA.

Enzymatic assays and determination oKy, concentration was increased to 100 mM and 5% polyethyleneglycol

was added.

The RNase P RNAs were resuspended in assay buffer aﬂ%SULTS AND DISCUSSION

renatured by incubation at 85 for 5 min and slowly cooled to

room temperature before enzymatic assays. RNase P activity vildige new cyanobacteria RNase P RNAs characterized in this work
assayed usingescherichia coliprecursor tRNA" (20) and  were chosen to represent the main evolutionary lineages, as well
kinetic data obtained by determination of initial reaction rates ats diverse morphological and physiological types. Four heterocyst-
different substrate concentrations as descril®), (using a forming strains were used to give a larger representation of this
phosphorimager (Fuji) to quantify the radioactive bands on assgyoup and evaluate the generality of the presence of STRR
gels. For the holoenzyme reaction the assay buffer was 10 mddquences impB genes.

HEPES, pH 7.5, 10 mM magnesium acetate and 400 mM Cyanobacteria are a highly diverse group of bacteria with
ammonium acetate. Holoenzyme was reconstitutedimitiro ~ multiple morphological and physiological type&1), The
transcribed RNase P RNA and a 50-fold molar excess of purifigghylogenetic relationships among them have been studied by
RNase P protein frot.coli or Synechocystig-or the RNA alone  sequence analysis of rRN24,23). One main conclusion of those
reaction the buffer was similar but the magnesium acetattudies is that heterocyst-forming strains constitute a monophyletic
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Figure 5. Enzymatic activity of RNase P holoenzymes reconstituted with
different RNase P RNAs and the RNase P protein subunitErooli (A) or
Ay Synechocysti$803 B). Assays were done as described in Materials and
E Methods using 5 (A) or 25 nM (B) each RNA and and a 5-fold excess of protein
u with 16 pM precursor tRNAT as substrate. The RNAs used weyaechocystis
E: 6803 wild-type ), Synechocysti6803AP12 deletion @), Anabaena’120
v, A Sey, wild-type (J) andAnabaena’120AP12 deletion ).
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st . PCC 6803 Anab sp. PCC 7120 . . . o . .
Synechocystis sp nabaena sp reconcile with parsimony criteria. One possible scenario is that

the several families of STRR sequences invaded the genome of
Figure 4. Mutagenesis of helix P12. The structure of helix P12 from g common ancestor of heterocystous cyanobacteria but have
Synechocysti8803 andAnabaen&’ 120 as well as of the mutants derived from spread and multiplied their copy number recently. Different
them is shown. . - . . . .
STRR sequences have being amplified in different strains in a
random fashion. That would explain why strains that have a very

recent common ancestor contain different kinds of STRR sequences,

group of organisms. A phylogenetic analysis using the RNaserfdt only within thernpB gene, but also at other positions in the

RNA sequences (Fig) supports this fact. Also, the plastid genome 24,25).

RNase P RNAs branch within the cyanobacteria but are clearly|f STRR sequences have spread randomly through the genome

more divergent. This could be due in part to the high AT contefitwould be expected that their conserved position withirthB

of the plastid genome. gene, inserted almost exactly at the same position in helix P12, is
due to a specific role of the STRR sequences at that position, or

P12 and STRR sequences at least their presence should not detrimentally affect enzymatic

activity of the RNA. This question has been addressed by
The heterocyst-forming strains share a unique character, i.e. thite-directed mutagenesis @nabaena7120 helix P12. A

presence of 10 STRR sequences in helix P12, increasing tiheletion was made of the STRR sequences in P12, shortening the
length of this helix (Fig.3). STRR sequences are imperfectlength of the helix. An equivalent deletion was made in the
repeats of a heptanucleotide that are present in many cop&mechocystiRNA (Fig.4). Previous studies ia.coli (27) have
throughout the genome of heterocyst-forming strains, usuallghown that deletion of helix P12 significantly affects enzymatic
(14,24) in intergenic regions. Their function is unknown. Thereactivity of RNase P RNA. No activity is detected in the presence
is only one described example of STRR sequences interruptingfathe protein and a much higher ionic strength is required for
coding sequence). Recently sequences similar to STRR havectivity of the RNA alone. However, in those studies P12 was
been identified in some unicellular strai$) but there is no completely deleted, including the highly conserved structure at
information on their RNase P genes. The STRR sequencestlie base of the helix and the surrounding single-stranded
helix P12 belong to different families (Tab®: STRR1 in nucleotides. In our case only the STRR sequences (or an
Anabaenasp. PCC 7120 anostocsp. PCC 7413; STRR6 in equivalent region inSynechocysfiswere deleted, therefore
Anabaenap. ATCC 29413 andostocsp. PCC 7107; STRR2 in maintaining the conserved elements of the helix. On the other
Calothrixsp. PCC 7601; STRR3 Fischerellasp. UTEX 1829. hand, the RNase P RNA fraifycoplasma fermentamsaturally

It is striking that closely related strains contain STRR sequencesmpletely lacks helix P12 and is actis); This suggests that

of different families. For instancénabaenasp. PCC 7120 and helix P12 is not required for catalytic activityvivo.

Anabaenasp. ATCC 29413 RNase P RNAs are identical except As shown in Table, the deletions introduced in P12 did not
for one substitution and one deletion, however, their helices Psynificantly affect the catalytic efficiency of the RNAs when
are unrelated due to the presence of different types of STRRsayed under the same buffer condition&ylmechocystithe
sequences. This raises the question of the evolutionary originmiutant has a highekKy, but also a slightly higheksa: In
insertion of STRR sequences in RNase P RNA of heterocystnabaenahe mutant has slightly low&, andke,: The protein
forming cyanobacteria. The fact that STRR sequences are fousubunit fromAnabaena7120 RNase P has not been purified,
in the genomes of many heterocyst-forming cyanobacteria woulbderefore it was not possible to study the effect of deletion of the
support the idea that they spread before diversification of thBTRR on the homologous holoenzyme. However, the proteins
group of cyanobacteria. However, the presence of unrelatém E.coli and Synechocystisare available. Cyanobacterial
STRR sequences in sister strafmabaena’120 andAnabaena RNase P RNA can reconstitute a functional holoenzyme with
29413 orCalothrix 7601 andNostoc7107 would support a more both protein subunit2f). Figure5 shows that deletion of helix
recent and independent origin of the insertions. This is difficult t812 does not affect activity of the reconstituted holoenzyme with
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E. coli Democarpa sp. PCC 7437 Oscillatoria sp. PCC 7515 Pseudanabaena sp. PCC 6903 Synechococeus sp. PCC 6301
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Figure 6. Structure of the loop connecting helix P15 and P16 in RNase P RNA. The GGU sequence is highlighted in the structuggs that cont

either theE.coli protein (Fig.5A) or the Synechocystiprotein

The loop connecting P15 and P16

(Fig. 5B). All RNAs show similar reaction rates under the

conditions used. As previously describet®)( holoenzymes
reconstituted with thE.coli protein are more efficient in processing

A number of results have established that this region &.todi
RNase P RNA is important for interaction with the substrate. The

E.coli precursor tRNAY' than holoenzymes reconstituted with the, CCY motif’ in the bottom half of this loop has been implicated

Synechocystiprotein (compare FidhA and B; five times more

holoenzyme was used in B than in A). These data suggest that
presence of the STRR sequences in P12 is not an esse
requisite for RNase P activity. The assays described here wi
done with anE.coli precursor tRNA substrate. Of course, it
cannot be excluded that the STRR sequences are required
processing of some specific substraté\irabaena Heterocyst

differentiation might require a specific RNA processing ste

catalysed by RNase P that is not required in non-heterocysto
strains. Several unconventional substrates for RNase P, includi

MRNAs, have been described recently,§1) in bacteria.

Table 3.Kinetic parameters of RNase P RNA fr@ynechocysti6803 and
Anabaenar120 and derived mutants

in direct interaction with the conservedt&minal ‘RCCA
fgguence of a tRNA precursdis(16). The GGU motif as well
the structure of the loop is conserved among bacterial RNase
Llowever, the equivalent region in cyanobacteria is clearly
d??ferent (Fig.6) and most of the strains do not contain a GGU
tif. Some of the strains, such &scillatoria 7515 and
seudanabaerB903, contain an extra helix in this region and the
oop is in general larger than Eicoli. Some strains contain a
GU sequence in the loop but, due to the larger size of the loop,
GGU motif does not seem to be structurally equivalent to the
-ColiGGU motif. It has been speculaté@d)that cyanobacterial
RNase P RNAs interact with their substrate differently than does
E.coliRNase P RNA and that this might be related to the fact that
cyanobacterial tRNA genes usually do not encode' ttezrdinal
CCA sequence. In fact, and contrary to the effect of the
3'-terminal CCA sequence on RNase P activifg.oli (33), the
presence of the'-3erminal CCA sequence seems to negatively

Enzyme Km= SD M)  kear SD (per min) keafKm affect its processing by tf#&ynechocysti8803 enzyme (A.Pascual
Synechocystiidype  0.14% 0.04 0142004 0 and A.Vioque, unpublished observations).
SynechocystiBP12 0.45: 0.16 0.25+ 0.07 0.55 Helix P6
Anabaenawild-type 9.82+ 0.92 7.24+ 0.36 0.74 . .

The pseudoknot created by helix P6 is generally 4 bp long.
AnabaenaDP12 6.63£0.77  5.46+0.51 0.82

Kinetic parameters were calculated wighcoli pre-tRNAYT as substrate as
described in Materials and Methods.

However, in cyanobacteria it can be potentially extended to 7 bp
in most strains, except Bynechococcus001, where it can be
only 6 bp long, or 4 bp long in PS#4, ESH183A and
Synechococcu&03. Due to high conservation of the nucleotides



that could potentially increase the length of P6, there is little bu8

Nucleic Acids Research, 1997, Vol. 25, No. 13477

Kirsebom,L.A. (1995Mol. Microbiol., 17, 411-420.

significant support from compensatory substitutions for the4 Kirsebom,L.A. and Viogue A. (1998jol. Biol. Rep, 22, 99-109.

extended helix. The extended helix contains three AU base pai
in all but three strains. Two of the three new base pairs arg
supported by just one compensatory substitution, while the thirg
is an invariant AU base pair. In both published tertiary structure
models ofE.coli RNase P RNA&)9) P6 is at the core of the 8

PS Guerrier-Takada,C., Gardiner,K., Marsh,T., Pace,N. and Altman,S. (1983)

Cell, 35, 849-857.

Brown,J.W. (1997Nucleic Acids Res25, 263-264.

Haas,E.S., Brown,J.W., Pitulle,C. and Pace,N.R. (1P&®). Natl. Acad.
Sci. USA91, 2527-2531.

Harris,M.E., Nolan,J.M., Malhotra,A., Brown,J.W., Harvey,S.C. and

structure connecting the domain formed by P7—P11 to the domain Pace.N.R. (1994MBO J, 13, 3953-3963.

formed by P15-P17. An extended P6 can therefore increase tHe

Westhof,E. and Altman,S. (1998joc. Natl. Acad. Sci. USA1,
5133-5137.

stability of the core structure. This extra stability may be requireth grown 3 w., Nolan,J.M., Haas,E.S., Rubio,M.A.T., Major,F. and Pace,N.R.
to compensate for the larger size of the loop connecting P15 and (1996)Proc. Natl. Acad. Sci. USA3, 3001-3006.

P16 that, everything else being similar, would negatively affeat

Banta,A.B., Haas,E.S., Brown,J.W. and Pace,N.R. (199&gic Acids

the connection of P16 with P7. In fact, the three strains whose P6 Res, 20,911.

12
13
14

is only 4 bp long (PS#4, ESH183A a®yhechocystis003) have
a rather smaller loop between P15 and P16 than the othefs).(Fig

Concluding remarks 15

. 1
The RNase P RNAs from cyanobacteria conform to the gener@ﬁ

Vioque,A. (1992Nucleic Acids Res20, 6331-6337.

Pascual,A. and Vioque,A. (199ipchim. Biophys. Actd 218 463—465.
Mazel,D., Houmard,J., Castets,A.M. and Tandeau de Marsac,N. (1990)
J. Bacteriol, 172, 2755-2761.

Oh,B.-K. and Pace,N.R. (199%cleic Acids Res22, 4087-4094.
Kirsebom,L.A. and Svéard,S.G. (19¥yBO J, 13, 4870-4876.

Cai,Y. and Wolk,C.P. (1990) Bacteriol, 172, 3138-3145.

structure established for bacterial RNase P RNAs but containg Felsenstein, J. (198@Jadistics 5, 164-166.
number of features specific to this group of bacteria, as has been Vioque,A., Amez,J. and Altman,S. (1988Mol. Biol, 202, 835-848.
discussed above. The high variability in sequence and size of ffe Guerrier-Takada,C., Lumelsky,N. and Altman,S. (1$B3nce246,

loop connecting P15 with P16 and the absence in most strains, Q
a ‘GGU motif’ suggest a mode of substrate interaction differerft
from the model proposed fdE.coli. The presence of highly o,
variable STRR sequences in P12 in heterocyst-forming strains
illustrates the plasticity of the cyanobacterial genome an2B
suggests that they can be used as taxonomic ®9HISHCR of
thernpB gene can be used to identify closely related strains
cyanobacteria that cannot be distinguished by other means.
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