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ABSTRACT

In Escherichia coli, the endoribonuclease E (RNase
E) can recruit several other ribonucleases and regu-
latory proteins via its noncatalytic domain to form
an RNA degradosome that controls cellular RNA
turnover. Similar RNA degradation complexes have
been found in other bacteria; however, their compo-
sitions are varied among different bacterial species.
In cyanobacteria, only the exoribonuclease PNPase
was shown to bind to the noncatalytic domain of
RNase E. Here, we showed that Alr1240, a mem-
ber of the RNB family of exoribonucleases, could
be co-isolated with RNase E from the lysate of
the cyanobacterium Anabaena PCC 7120. Enzy-
matic analysis revealed that Alr1240 is an exori-
bonuclease Il (RNase Il), as it only degrades non-
structured single-stranded RNA substrates. In con-
trast to known RNase E-interacting ribonucleases,
which bind to the noncatalytic domain of RNase E,
the Anabaena RNase Il was shown to associate with
the catalytic domain of RNase E. Using a strain in
which RNase E and RNase Il were tagged in situ with
GFP and BFP, respectively, we showed that RNase E
and RNase Il form a compact complex in vivo by a
fluorescence resonance energy transfer (FRET) as-
say. RNase E activity on several synthetic substrates
was boosted in the presence of RNase Il, suggest-
ing that the activity of RNase E could be regulated
by RNase II-RNase E interaction. To our knowledge,
Anabaena RNase Il is an unusual ribonuclease that
interacts with the catalytic domain of RNase E, and it
may represent a new type of RNA degradosome and
a novel mechanism for regulating the activity of the
RNA degradosome. As Anabaena RNase E interacts

with RNase Il and PNPase via different regions, it is
very likely that the three ribonucleases form a large
complex and cooperatively regulate RNA metabolism
in the cell.

INTRODUCTION

In many bacteria, the initial cleavage of RNA degrada-
tion is mediated by a key endoribonuclease, RNase E (1-
3). In the model organism Escherichia coli, RNase E con-
sists of two functionally distinct domains, the N-terminal
highly conserved catalytic domain and the C-terminal un-
structured noncatalytic domain. Through its noncatalytic
domain, RNase E functions as a molecular hub to recruit
several interacting proteins and forms a multi-enzyme as-
sembly known as the RNA degradosome (4).

The RNA degradosome controls the main pathway of
mRNA degradation in E. coli (5-8); it also functions in
the maturation of ribosomal RNAs and tRNAs (9,10). Re-
cently, the RNA degradosome was found to participate in
the degradation of hypomodified tRNAs in Vibrio cholerae,
and thus could serve as a previously unrecognized bacterial
tRNA quality control system (11). The major components
of the RNA degradosome in E. coli are well characterized,
and include the DEAD box RNA helicase RhiIB, the ex-
oribonuclease polynucleotide phosphorylase (PNPase) and
the glycolytic enzyme, enolase (4,12-14). RNA degradation
mediated by the RNA degradosome is a highly coopera-
tive and efficient process, where the RNA helicase RhiB
unwinds structured RNAs, the endoribonuclease RNase E
cuts the substrates preferably at AU-rich sites, and the 3'-5
exoribonuclease PNPase ultimately degrades the unwound
or breakdown substrates into mononucleotides (6,15).

RNase E homologues have been found in various bacte-
rial phyla, including Proteobacteria, Actinobacteria, Bac-
teroidetes, Chlamydiae, Cyanobacteria and Firmicutes, as
well as in plant plastids (16). RNase E-based RNA degra-
dosomes have been experimentally characterized in a few
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species, mostly in the Proteobacteria (16). These degrado-
somes are diverse in terms of their composition. For ex-
ample, the RNA degradosome in Caulobacter crescentus is
composed of RNase E, PNPase, the 3'-5 exoribonuclease
RNase D, a DEAD-box RNA helicase, and the Krebs cy-
cle enzyme aconitase, whereas the RNA degradosome in
the psychrotrophic bacterium, Pseudomonas syringae Lz4W
contains RNase E, the 3’-5" exoribonuclease RNase R and
the DEAD-box helicase, RhlE (17-19). Machineries re-
sponsible for RNA degradation also exist in bacteria lack-
ing RNase E. For example, in the Gram-positive bacterium,
Bacillus subtilis, the endoribonuclease RNase Y recruits the
exoribonucleases RNase J1/J2 (RNase J1 is also an endori-
bonuclease), the RNA helicase CshA, enolase and phos-
phofructokinase to form an RNA degradation complex
that is compositionally different, but functionally equiva-
lent to the E. coli RNA degradosome (20-22). In eukary-
otes and archaea, an essential and conserved 3'-5" exori-
bonuclease complex, called the RNA exosome, degrades or
processes nearly every class of cellular RNA (23-26). There-
fore, it is very likely that RNA degradosomes or similar as-
semblies are ubiquitous. However, how the different ribonu-
cleases within these assemblies cooperate to degrade RNA
remains largely unknown.

In addition to those ribonucleases found in the degra-
dosome, other ribonucleases also play important roles in
RNA turnover. For instance, RNase II, encoded by the
rnb gene, was shown to be responsible for 90% of the hy-
drolytic activity in E. coli crude extracts (27). Escherichis
coli RNase II (hereafter EcCRnb) belongs to the RNB ex-
oribonuclease family, whose members are present in all do-
mains of life, and it efficiently hydrolyzes single-stranded
RNAs from 3’ to 5. RNase II has three functionally distinct
regions: an N-terminal segment containing two cold-shock
domains (CSD) involved in RNA binding, a C-terminal seg-
ment containing an S1 domain also involved in RNA bind-
ing, and a central RNB domain responsible for the catalytic
activity (28,29). In addition to RNase 11, E. coli genome
encodes another RNB family exoribonuclease, RNase R
(hereafter EcRnr). RNase R shares many structural and
catalytic properties with RNase II; the key difference be-
tween the two enzymes is that RNase II only degrades
RNAs without secondary structure, while RNase R is ca-
pable of degrading structured RNA, provided that a single-
stranded 3’ end is initially available for binding (30-32).

Cyanobacteria is evolutionarily close to the chloroplasts
of higher plants (33,34). Little is known about RNA
metabolism in cyanobacteria. A single copy of an RNase E-
encoding gene is present in the genome of each sequenced
cyanobacterial strain (35). Cyanobacterial RNase E pro-
teins share a domain architecture similar to that of E. coli
RNase E, consisting of an N-terminal catalytic domain and
a C-terminal noncatalytic domain. Although the noncat-
alytic region of cyanobacterial RNase E is much shorter
than that of E. coli, it is also an intrinsically disordered re-
gion that might serve as the scaffold for a degradosome-like
complex similar to E. coli RNase E. Indeed, we previously
reported in Anabaena PCC 7120 that RNase E formed a
complex with PNPase via a cyanobacterium-specific non-
apeptide in the noncatalytic region (35). The remaining por-
tion of the noncatalytic region in Anabaena RNase E could
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recruit other components. In this study, we attempted to
identify such components by in vivo co-purification using
the RNase E protein fused to an affinity purification tag.
We successfully co-isolated a 3/-5 exoribonuclease, RNase
I1, with RNase E from cell lysate. Surprisingly, we found
that RNase II bound to the catalytic domain of RNase E.
‘We then comprehensively characterized the interaction be-
tween RNase E and RNase II both in vitro and in vivo, and
showed that their interaction could influence the catalytic
activity of RNase E.

MATERIALS AND METHODS
Cyanobacterial strains and culture conditions

Anabaena strains were cultured in liquid BG11 medium un-
der continuous illumination (30 wmol m~2 s~!) at 30°C in
an incubator with orbital shaking at 150 rpm. When re-
quired, neomycin at a final concentration of 150 wg/ml,
spectinomycin at a final concentration of 5 wg/ml, and
streptomycin at a final concentration of 2.5 pg/ml, were
added to the medium.

Plasmid construction

The plasmids used in this study are listed and described in
Supplemental Table 1. The oligonucleotides used to con-
struct the plasmids are listed in Supplemental Table 2. All
constructed plasmids were verified by sequencing.

Construction of protein expression plasmids. The pET28a
(Invitrogen)-derived vector pHSTag (GenBank accession
number: MK948096) was used to express recombinant
protein with a N-terminal His-tag and/or a C-terminal
Strep-tag 11 (WSHPQFEK). The pHSTag was generated
by inserting Strep-tag Il-encoding duplex consisting of
annealed complementary oligonucleotides of PCStagF
into pET28a via the Xhol site. To construct plasmid for
expressing recombinant protein AnaRnb-S (pHSAIr1240),
the genomic region encoding Alrl240 was amplified
with the primer pair PHSalr1240F1/PHSalr1240R2329
and cloned into pHSTag at the Ndel and Xhol sites.
Other plasmids for the expression of recombinant
proteins were similarly constructed. The plasmids
for expressing the mutant proteins EcRnbRS500A
and AnaRnbRS558A (pHSEcRnbRS500A and pHSA-
naRnbR558A, respectively) were constructed from
pHSEcRnb and pHSAnaRnb by site-directed mutagenesis
with the primer pairs PEcrnbR500AF/PEcrnbR500AR
and Palr1240R558AF/Palr1240R558AR, respectively.
Plasmids expressing His-AnaRne, His-AnaRneN, and
His-AnaRneC were described previously (35).

Construction of bacterial two-hybrid plasmids. The bacte-
rial adenylate cyclase two-hybrid plasmids were constructed
using the vectors pKT25 and pUT18C (36). For example,
to make pKT25a-Alr1240 and pUT18Ca-Alr1240, the cod-
ing sequence of Alr1240 was amplified from the genome us-
ing primers Palr1240F1/Palr1240R2330, and then cloned
into a linear vector fragment amplified from pKT25 using
primers PKT25_F/PKT25_R and the fragment amplified
from pUTI18C using primers PUT18C_F/PUTI8C_R via
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seamless cloning (Vazyme ClonExpress MultiS One Step
Cloning Kit), to generate pKT25a-Alr1240 and pUT18Ca-
Alr1240, respectively. The other two-hybrid plasmids were
constructed in the same way.

Construction of plasmids for in vivo co-purification and fluo-
rescent protein tagging. In the co-purification experiment,
we used the inducible plasmid pCT-AnaRne, which is de-
rived from pCT (GenBank accession number: MK 948095),
to express TwinStrep-tagged AnaRne. The vector pCT al-
lows for expression of a gene in Anabaena under the control
of the copper-inducible promoter PpetE and a theophylline-
responsive riboswitch. To construct pCT-AnaRne, the ORF
encoding AnaRne (gene id: alr4331) was amplified from the
genome using primers Palr4331F5h and Palr4331R2061h
and was inserted into Smal-linearized pCT via seam-
less cloning (Vazyme ClonExpress MultiS One Step
Cloning Kit). The plasmids pAlr1240GFP, pAlr1240BFP
and pAlr4331GFP were used to construct fluorescent
protein-labeled strains. To construct pAlr1240GFP, we
first linearized the vector pRL271 with Pstl and Xhol.
Then, we excised the GFP-encoding fragment and the
spectinomycin resistance gene from the synthetic plas-
mid pSfefp-Sp (GenBank accession number: MK948098)
using BamHI and Smal. Subsequently, two alri240 re-
gions were amplified from the Anabaena chromosome us-
ing the primer pairs Palr1240F1471/Palr1240R2349 and
Palr1240F2358/Palr1240R3240. Finally, the four frag-
ments were assembled into pAlr1240GFP via seam-
less cloning (Vazyme ClonExpress MultiS One Step
Cloning Kit). To construct pAlr1240BFP, the vector
backbone together with the alri240 fragments ampli-
fied from pAlr1240GFP using primers Palr1240BFP_F
and Palr1240BFP_R, and the BFP-coding sequence and
kanamycin resistance gene were amplified from the syn-
thetic plasmid pMTagBFP2-npt (GenBank accession num-
ber: MK948097) using primers PV_16 and Pinsert2
and assembled via seamless cloning (Vazyme ClonEx-
press MultiS One Step Cloning Kit). The procedure
used to construct pAlr4331GFP was same as that for
pAlr1240GFP, except that the alr4331 regions were ampli-
fied with the primer pairs Palr4331F104/Palr4331R2061n
and Palr4331F2065n/Palr4331R2986.

Construction of cyanobacterial strains

The cyanobacterial strains used in this study were con-
structed by transferring the relevant plasmids into the
wild-type strain by conjugation, using a previously de-
scribed procedure (37,38). The exconjugants were screened
on BG11 plates containing 150 pg/ml neomycin when the
plasmid carried a neomycin resistance gene, or 5 pg/mlL
spectinomycin and 2.5 wg/ml streptomycin when it carried
a spectinomycin/streptomycin resistance gene. The geno-
types of all obtained strains were verified by PCR.

The strain used for co-purifying the proteins associ-
ated with RNase E from Anabaena was generated by
transferring the plasmid pCT-AnaRne into the wild-type
strain. The fluorescent protein-labeled strain containing
AnaRnb-GFP was made by introducing the pAlr1240GFP
plasmid into the wild-type strain. To construct the dual-

labeled strain containing AnaRnb-BFP and AnaRne-GFP,
pAIrd331GFP and pAlr1240BFP were sequentially intro-
duced into the wild-type strain. The green fluorescent pro-
tein GFP has the major absorption spectrum of ~440-
508 nm (peaked at 488 nm) and the major emission spec-
trum of ~493-532 nm (peaked at 510 nm); the blue flu-
orescent protein BFP has the major absorption spectrum
of ~370-425 nm (peaked at 402 nm) and the major emis-
sion spectrum of ~439-498 nm (peaked at 457 nm). As the
emission spectrum of BFP overlaps well with the excitation
spectrum of GFP, the pair of fluorescent fusion proteins,
AnaRnb-BFP and AnaRne-GFP, were used to study in vivo
interaction/co-localization of AnaRnb and AnaRne by flu-
orescence resonance energy transfer (FRET).

Expression and purification of recombinant proteins

The proteins used in this study are listed and described
in Supplemental Table 3. Escherichia coli BL21(DE3)
cells transformed with the protein expression plasmids
were grown in LB medium supplemented with 50 pg/ml
kanamycin and 0.8% glucose at 37°C. When the cells
reached an optical density at 600 nm (ODgg) of 0.5, 0.5 mM
IPTG was added to the culture. After 4 h of induction, the
cells were pelleted by centrifugation and then resuspended
in PBS buffer for lysis. After lysing with a high-pressure ho-
mogenizer, the cell lysate was loaded into a suitable affinity
purification column. His-tag fusion proteins were purified
using a Ni-NTA affinity column (Qiagen), and Strep-tag fu-
sion proteins were purified using a Strep-Tactin XT affinity
column (IBA). The purified proteins were dialyzed into pro-
tein storage buffer (20 mM Tris-HCI, 20 mM KCI, 100 mM
NaCl and 25% glycerol, pH 7.5) and stored at —80°C.

Co-isolation of the proteins associated with RNase E in An-
abaena cells

The procedure for the co-purification experiment was sim-
ilar to that for the affinity purification of proteins as-
sociated with His-tagged AnaRneC, the noncatalytic re-
gion of AnaRne, from Anabaena (35). The strain contain-
ing pCT-AnaRne was used to overexpress the TwinStrep-
tagged RNase E by adding the inducers of copper and
theophylline. In a pilot experiment, we induced the expres-
sion of TwinStrep-tagged RNase E with different concen-
trations of the inducers for different time periods, and ob-
served that when the concentration of the inducers were
too high or the induction time was too long, Anabaena fil-
aments would become severely fragmented and cells would
die eventually (data not shown), indicating that high cellu-
lar level of RNase E is cytotoxic. To minimize the effect of
overexpression on cell physiology, we here chose an induc-
tion condition under which the strain did not differ much
from WT in growth (growing ~10% slower than WT, no fil-
ament fragmentation). The strain containing pCT-AnaRne
was grown in liquid BG11 medium to an OD7sy of 0.5,
then 1 pM CuSOy4 and 2 mM theophylline were added to
the medium. After 24 h of induction, AnaRne-TwinStrep
was moderately induced (the induction level was examined
by western blotting using an antibody against the Strep
tag), and then the cells were collected by centrifugation and



homogenized in lysis buffer (100 mM Tris—HCI, 150 mM
NacCl, 0.1% Triton-X 100, 1 x protease inhibitor cocktail, 50
pg/ml RNase A and 5mM EDTA, pH 8.0) with FastPrep-
24 (MP Biomedicals). After centrifugation at 14 000 g for
15 min at 4°C, the supernatant was transferred to a tube
containing Strep-Tactin XT beads and incubated on a hor-
izontal shaker at 4°C for 3 h. The beads were harvested by
centrifugation and washed twice with buffer W (100 mM
Tris—HCI, 150 mM NacCl, 0.1% Triton-X 100 and 5 mM
EDTA, pH 8.0). The bound proteins were eluted into 500
wl of elution buffer (100 mM Tris—HCI, 150 mM NaCl, 1
mM EDTA, 50 mM D-biotin, and 25% glycerol, pH 8.0).
The proteins co-purified with AnaRne were then subjected
to western blot analysis. A strain harboring the empty pCT
vector was used as a negative control and was processed us-
ing the same procedure.

Far-western blotting

Far-western blotting was performed as previously described
(39), with minor modifications. In the far-western blot, 5 ng
of Strep-tagged Alr1240 (as the positive control) and 2 pg
each of AnaRne, AnaRneN, and AnaRneC were separated
in parallel on two 13% SDS-PAGE gels and electrotrans-
ferred onto two PVDF membranes. Then, the membranes
were blocked with 5% skimmed milk in PBS-T (PBS con-
taining 0.1% Tween-20) for 1 h, and then incubated in PBS-
T containing 1% skim milk for 1.5 h. One membrane was
incubated with 0.2 mg of Strep-tagged Alr1240 and 100 g
RNase A (to exclude the effect of RNA on the interaction),
while the other was not. Subsequently, the membranes were
sequentially incubated with anti-Strep tag polyclonal anti-
bodies (1:1000) for 1 h and with HRP-conjugated goat-anti-
rabbit IgG antibodies (1:5000), as in conventional western
blot protocols. The immunoblotting signals were developed
using ECL reagent.

Bacterial two-hybrid assay

The bacterial two-hybrid system, which is based on recon-
stitution of the Bordetella pertussis adenylate cyclase CyaA
(36), was used to evaluate the interaction between Anabaena
RNase E and RNase II. This two-hybrid system exploits
the two complementary fragments of the catalytic domain
of CyaA, T25 and TI8, that are not active when physi-
cally separated. To test the interaction between two proteins
of interest, say A and B, the fusions of T25-A and T18-B
(or T18-A and T25-B) can be co-expressed in an adeny-
late cyclase deficient (cya™) strain of E. coli. The interac-
tion between A and B brings T25 and T18 together so that
CyaA is reconstituted and become active in cAMP synthe-
sis. The synthesized cAMP further activates the catabolite
activator protein CAP to turn on the expression of sev-
eral metabolic enzymes, including B-galactosidase. Thus,
on the medium containing, X-gal, the chromogenic sub-
strate for B-galactosidase, the interaction between A and B
will be indicated by the blue color of the colonies. In this
study, the pKT25- and pUT18C-derived plasmids, which re-
spectively express the T25 and T18 fusions of the proteins
of interest (i.e. the full-length or sub-regions of AnaRne
and AnaRnb), were co-transformed into the cya~ strain
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BTHI101. The transformants were checked after grown in
the dark at 30°C for 1-3 days on LB agar plates containing
50 pg/ml kanamycin, 100 wg/ml ampicillin, 0.5 mM IPTG,
and 40 pg/ml X-gal. A strain co-transformed with pKT25-
zip and pUT18C-zip was used as the positive control, and a
strain co-transformed with the empty vectors pKT25a and
pUT18Ca was used as the negative control.

ITC assay

Isothermal titration calorimetry (ITC) assays were per-
formed at 25°C in a Nano ITC Low Volume isothermal
calorimeter (TA Instruments, New Castle, DE, USA). Prior
to the assay, all proteins were dialyzed into the same buffer
(100 mM Tris—HCl and 10% glycerol, pH 8.0) and then cen-
trifuged and degassed. Twenty-five 2-pl aliquots of Alr1240
(250 wM) were titrated into 190 pl of AnaRneN (25 wM)
at 200-s intervals and a stirring rate of 250 rpm. The mea-
sured heat data, after subtracting the dilution heat obtained
by titrating buffer into AnaRneN, was analyzed using the
NanoAnalyze Software provided by the manufacturer. The
titration curves were fitted to the independent-site binding
model. Images were generated by R ggplot2.

Ribonuclease activity assay

Ribonucleolytic activity was assayed wusing syn-
thetic RNA substrates. Two 5 FAM-labeled single-
stranded RNA substrates of 16-mer (5-FAM-
CCCGACACCAACCACU-3) and 30-mer (5-FAM-
CCCGACACCAACCACUAAAAAAAAAAAAAA-Y)
were synthesized first (31,40). They were then hybridized to
the complementary unlabeled 16-mer oligodeoxyribonu-
cleotide (5-AGTGGTTGGTGTCGGG-3') to obtain the
double-stranded substrates 30-16ds and 16-16ds, respec-
tively. These single- and double-stranded substrates were
used to assess the activities of the exoribonucleases. The
activity of the endonuclease RNase E was determined using
three 5’-monophosphorylated and 3’-FAM-labelled RNA
substrates: LU13 (5-p-GAGACAGUAUUUG-FAM-3'),
CRISPR3 (5-p-GUCUCCACUCGU|AGGAGAAAUU
AAUUGAUUGGAAAC-FAM-3'), and RNA62 (5-p-
GGUUAUAAAUCAACACAUUGAUUUAUAAGGUC
AAAUAAUAAAGCCCGUCUCCUACGAUGGGC-
FAM-3") (41-43). All the oligoribonucleotides were
synthesized by GenScript.

The ribonucleolytic reactions were performed in a final
volume of 10 wl containing 20 mM Tris—HCI (pH 8.0), 5
mM MgCl,, 100 mM NacCl, 5% glycerol, 0.1% Triton X-100
and 0.1 mM DTT. The reactions were started by the addi-
tion of enzyme. After incubation at 30°C for the indicated
time periods, the reactions were stopped by adding RNA
loading Dye (New England Biolabs B0363S) and denatured
for 5 min at 95°C prior to electrophoresis. The degradation
products were resolved in 15% or 20% polyacrylamide gels
containing 8 M urea and photographed with a FUJIFILM
FLA-5100 fluorescent image analyzer.

FRET assay

The FRET experiment to analyze the interaction between
AnaRnb-BFP and AnaRne-GFP was carried out with
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a fv1000mp two-photon laser scanning confocal micro-
scope (OLYMPUS). AnaRnb-BFP was excited by light at
405 nm, AnaRne-GFP was excited by light at 488 nm.
FRET between the donor (AnaRnb-BFP) and the accep-
tor (AnaRne-GFP) was measured using the acceptor pho-
tobleaching method. Fluorescence intensity of the donor
was measured before and after photobleaching the acceptor
fluorescence, and the FRET efficiency (E) was calculated as
follows: E = 1 —(prebleaching/postbleaching). The distance
(r) between the donor and acceptor was calculated as fol-
lows: r = R,[(1/E) — 1] /%, where R, is the Forster distance
of BFP-GFP (4.14 nm).

RESULTS
Alr1240 binds to the catalytic domain of Anabaena RNase E

We previously reported that RNase E forms a complex
with PNPase in cyanobacteria via a C-terminal motif in
the noncatalytic region (35). To determine if RNase E re-
cruits other ribonucleases to form a large RNA degrado-
some in cyanobacteria, we attempted to isolate RNase E-
associating proteins via co-purification. We constructed an
Anabaena RNase E-overexpressing strain, which expressed
the RNase E protein with a TwinStrep tag fused at the C-
terminus from a replicative plasmid. The TwinStrep-tagged
RNase E, together with the proteins that bound to it, was
then isolated from the cell lysate of this strain with a strep-
tavidin column. Subsequently, the co-isolated proteins were
checked for the presence of other ribonucleases by west-
ern blotting using the available antibodies in our laboratory.
The results showed that one ribonuclease II/R family pro-
tein, Alr1240, was co-isolated with RNase E (Figure 1A).

To understand whether RNase E and Alr1240 form a
complex directly, we checked their interaction by two dif-
ferent methods, far-western blotting and bacterial two-
hybrid assay. Anabaena RNase E (AnaRne) consists of
an N-terminal catalytic domain (AnaRneN) and a C-
terminal noncatalytic domain (AnaRneC) (35). In the far-
western blotting assay, we examined the interactions be-
tween Alr1240 and full-length AnaRne or different trunca-
tions of AnaRne (AnaRneN and AnaRneC) using recom-
binant proteins purified from E. coli. The results showed
that both AnaRne and AnaRneN were able to interact with
Alr1240, while AnaRneC was not (Figure 1B).

In the bacterial two-hybrid assay, we confirmed that
AnaRneN could interact with Alr1240 but AnaRneC could
not (Figure 1C). It should be noted that when AnaRne
was used in the assay, the interaction signal became much
weaker (a and b in Figure 1C). One reason could be that
the full-length RNase E had much lower expression in the
host strain probably due to stronger cellular toxicity, con-
sequently resulting in weaker interaction signal (we also
found that when AnaRne and AnaRneN were individually
expressed in E. coli from the same vector for protein purifi-
cation, AnaRne always had much lower yield than AnaR-
neN). Nevertheless, combining the far-western blotting re-
sult and the bacterial two-hybrid assay result, we can con-
clude that Alr1240 interacts with AnaRne by binding to its
catalytic domain. This is in contrast to PNPase, which in-
teracts with the noncatalytic domain of AnaRne (35).

We further measured the binding stoichiometry and
strength of the interaction by an isothermal titration
calorimetry (ITC) assay. A titration curve was obtained by
titrating drops of AnaRneN into a solution of Alr1240.
From this curve, we calculated that the binding stoichiom-
etry between the two proteins was 1:1, and the dissociation
constant (K4) was 2.774 uM (Figure 1D).

The C-terminal and N-terminal extensions of Alr1240 inter-
act with AnaRneN

The primary sequence of Alrl1240 is close to the E. coli
RNB family proteins EcRnr and EcRnb (see the sequence
alignment in Supplementary Figure S1). BLASTP analy-
sis showed that Alr1240 matched EcRnr with 49% similar-
ities and 27% identities over 745 aa, and it matched EcRnb
with 41% similarities and 20% identities over 576 aa. Do-
main analysis further showed that Alr1240 has an archi-
tecture typical of RNB family proteins, which features two
cold-shock domains (CSD) within the N-terminus, an ex-
oribonuclease domain (RNB) in the center, and an S1 do-
main within the C-terminus (Figure 2A and Supplemen-
tary Figure S1). Using the crystal structure of EcRnr (PDB
ID: 5XGU) as the template, we were also able to build a
good-quality 3D model for Alr1240 using SWISS-MODEL
(Supplementary Figure S2). These analyses indicate that
Alr1240 is a member of the RNB family proteins.

We then identified the sub-regions in Alr1240 that are
responsible for interaction with AnaRneN by far-western
blotting. The protein sequence of Alr1240 was split into
three parts: the N-terminal region that contains two CSD
domains (Alr1240-CSD), the central catalytic RNB do-
main (Alr1240-RNB), and the C-terminal region that con-
tains the S1 domain (Alr1240-S1) (Figure 2A). Far-western
blotting data showed that the two noncatalytic regions,
Alr1240-CSD and Alr1240-S1, could interact with AnaR-
neN, while the catalytic region (Alr1240-RNB) could not
(Figure 2B). This result was further confirmed by a bacte-
rial two-hybrid assay (Figure 2C). We additionally tested
the specificity of such interaction by checking the interac-
tion between AnaRneN and the S1 domains from EcRnb,
EcRnr and E. coli translation initiation factor IF-1 (EcIF1)
with a bacterial two-hybrid assay, and found that AnaRneN
could interact with none of them (Supplementary Figure
S3). Based on these results, we concluded that the noncat-
alytic domains of Alr1240 are responsible for its interaction
with AnaRneN.

Alr1240 is an RNB family RNase 11

Members of RNB family include the well-characterized E.
coli exoribonucleases RNase II and RNase R. Both RNase
IT and RNase R catalyze 3’ to 5 RNA degradation. A ma-
jor difference between these two exoribonucleases is that
RNase R can degrade structured RNA substrates, while
RNase II cannot (28,32). As to our knowledge, the enzy-
matic properties of Alr1240 have not been investigated, we
tested the activity of Alr1240 on several synthetic oligori-
bonucleotides that have been previously used as substrates
for other exoribonucleases (31,40). Towards this, 16-mer
and 30-mer RNAs with an amine derivative of fluorescein
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Figure 1. Identifying the interaction between Alr1240 and AnaRne. (A) Alr1240 was co-purified with TwinStrep-tagged AnaRne expressed in Anabaena
cells using Strep-Tactin Sepharose. The eluted protein samples from cells carrying the TwinStrep-tagged AnaRne-expressing plasmid (pCT-AnaRne) and
the empty vector (pCT) were evaluated using antibodies against Alr1240. The recombinant protein Alr1240-Strep (Alr1240 with a C-terminal Strep tag
fusion) served as the positive control. (B) Far-western blot assay showing that Alr1240 interacts with the catalytic domain of AnaRne. Duplicate samples
of the full-length, N-terminal half, and C-terminal half of the AnaRne protein, together with recombinant Alr1240-Strep (the positive control), were
separated on 10% SDS PAGE gels and transferred onto nitrocellulose membranes. One membrane was incubated with Alr1240-Strep, and the other was
not. Subsequently, the signals on both membranes were developed with an antibody against the Strep tag (see Materials and methods for details). (C)
Investigating the interaction between Alr1240 and AnaRne by the bacterial adenylate cyclase two-hybrid assay. Escherichia coli BTH101 cells were co-
transformed with the indicated two-hybrid plasmid pairs and incubated on plates containing X-gal, IPTG, and the appropriate antibiotics (Kan and Amp)
at 30°C for 3 days. Cells co-transformed with pKT25-zip and pUT18C-zip were used as the positive control (CK+), and cells co-transformed with the
empty vectors pKT25a and pUT18Ca were used as the negative control (CK-). (D) ITC assay evaluating the interaction between Alr1240 and AnaRneN.

The original titration data and integrated heat measurements are shown in the upper and lower plots, respectively.

(FAM fluorophore) fused at their 5’ terminus, were used in
combination with a complementary 16-mer DNA to gener-
ate the following four RNA substrates: 16ss, 30ss, 16-16ds
and 30-16ds. Using these substrates, the exoribonucleolytic
activities of Alr1240, E. coli RNase Il and E. coli RNase R
were characterized and compared.

As expected, all three RNB-family proteins efficiently de-
graded the 16ss and 30ss substrates (Figure 3A and B),
and none of them digested the blunt-ended double stranded
substrate 16-16ds (Figure 3C). However, the three proteins
showed varied activities with respect to the 30-16ds sub-
strate. ECRnb and Alr1240 rapidly degraded the 3’-single
stranded region and generated a final product of ~20 nt
in length, indicating that the enzymes were stalled by the
double-stranded region (Figure 3D). In contrast, EcRnr de-
graded the entire RNA chain and produced short oligori-

bonucleotides as products, supporting the requirement of a
3'-single-stranded extension for degradation of structured
substrates by RNase R (30,31). The results of the enzymatic
assay indicate that alr/240 encodes an RNase II rather than
an RNase R, although the Alr1240 is more similar to EcRnr
in primary sequence. Hence, we named Alr1240 AnaRnb
(Anabaena RNase 11, to distinguish it from its E. coli coun-
terpart EcRnb).

To illustrate the contribution of the noncatalytic regions
of AnaRnb to its catalytic activity, the catalytic region
(Alr1240-RNB) was evaluated in an exoribonucleolytic ac-
tivity assay using the 16ss, 30ss, 16-16ds and 30-16ds sub-
strates. The results showed that Alr1240-RNB had exonu-
clease activity similar to—but lower than—that of full-
length Alr1240 (Figure 3). We also tested the activities of the
noncatalytic regions of Alr1240-CSD and Alr1240-S1, and
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Figure 2. Determining the Alr1240 regions responsible for the interaction between AnaRne and Alr1240. (A) Schematic diagram of the domains in E. coli
RNase R (EcRnr), E. coli RNase 11 (EcRnb) and Alr1240. All these proteins contain two cold shock domains (CSD), one exoribonuclease domain (RNB)
and one S1 RNA-binding domain (S1). EcRnr also contains one helix-turn-helix domain (HTH) at the N-terminus. Based on the domain architecture,
three regions of Alr1240 (Alr1240-CSD, Alr1240-RNB and Alr1240-S1) were chosen for the interaction assays. (B) Far-western blot assay assessing the
interactions between AnaRneN/AnaRneC and different regions of Alr1240. The experiment procedure was same as that in Figure 1B. (C) Bacterial
adenylate cyclase two-hybrid assay investigating the interactions between AnaRneN and different regions of Alr1240. The experiment procedure was same

as that in Figure 1C.

as expected, they could not cleave the substrates (Supple-
mentary Figure S4). This result is in accordance with pre-
vious studies that showed that the RNB domain is involved
in substrate degradation and the CSD and S1 domains are
involved in substrate binding (28,29).

In E. coli RNase II, several conserved residues within
the RNB domain are essential for the catalytic activity,
which include the residues for metal coordination (D201,

D207, D209, D210) and those for substrate interaction
(Y253, Y313, F358, E390, R500, E542) (28,44,45). Two of
these residues—aspartic acid 209 (D209) and arginine 500
(R500)—are absolutely required for enzymatic activity, as
mutating either of them (D209N and R500A) completely
inactivates the enzyme (44-46). These two residues are also
present in EcRnr (corresponding to D280 and R571, respec-
tively), suggesting that they may be critical for the exori-
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Figure 3. Comparing the catalytic property of Alr1240 with those of
the Escherichia coli exoribonucleases RNase II (EcRnb) and RNase R
(EcRnr). Activity assays were performed using 16ss (A), 30ss (B), 16-mer
and its complement (16-16ds) (C) or a 30-mer hybridized to the comple-
ment 16-mer (30-16ds) (D) as substrates at 30°C (see Materials and meth-
ods for details). In each reaction, the same amount of RNA substrate (50
nM) and different amounts of purified proteins (shown at the top of each
lane) were used. The 16-mer and 30-mer RNA strands were labeled the
5-end with the FAM fluorescein-based dye. The control reactions, which
contained only the RNA substrates (Ctrl) and the reaction buffer, were in-
cubated for either 0 min (left lane) or 30 min (right lane), while all the other
reactions were incubated for 30 min. The FAM-labeled substrate strands
are indicated by arrows (S).

bonuclease activity of RNB-family proteins. However, se-
quence alignment showed that only one of the two residues
is conserved in AnaRnb (R558, corresponding to R500
in EcRnb, Supplementary Figure S1). We then checked if
R558 was required for the activity of AnaRnb. In con-
trast to the ECRnb R500A mutant, which shows no activity,
the AnaRnb R558A mutant was still capable of degrading
RNA substrates, although its activity was decreased (Sup-
plementary Figure S5). We additionally checked the pres-
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ence of the other key residues, and found that except for
Y253 and E542, the other key residues in EcRnb are not
conserved in AnaRnb (Supplementary Figure S1). These
data together indicate that AnaRnb and EcRnb likely use
a different set of key residues for catalytic activity.

RNase II and RNase E co-localize in Anabaena cytoplasm

Although AnaRne and AnaRnb were co-isolated from An-
abaena cell lysate and their interaction was confirmed by in
vitro assays, the compartment where AnaRne and AnaRnb
co-localize, and the extent of interaction, in vivo was un-
known. Here, we used an Anabaena strain that expresses
RNase E tagged with GFP at the C-terminus (AnaRne-
GFP) and RNase II tagged with BFP at the C-terminus
(AnaRnb-BFP) in situ to characterize their interaction and
subcellular localization. Although the cells of the dual-
labelled strain appeared slightly longer than the WT strain
(Figure 4A and B), its growth rate was similar to that of
WT (data not shown), implying that fusing fluorescent pro-
teins to RNase E and RNase I does not interfere with their
functionality. Confocal microscopy showed that fluorescent
signals for AnaRne-GFP and AnaRnb-BFP were both lo-
calized to the cytoplasm and were well overlapped (Figure
4A), indicating that the majority of AnaRne and AnaRnb
are co-localized in vivo. It is worth noting that cytoplasmic
localization of AnaRne is distinct from the membrane lo-
calization of EcRne (47,48).

Using the dual-labeled strain, we observed the fluores-
cence resonance energy transfer (FRET) between AnaRne-
GFP and AnaRnb-BFP using the sensitized emission
method (Figure 5A). To do so, the fluorescence of filaments
of the dual-labeled strain and a control strain that only ex-
presses AnaRnb-GFP were observed in the BFP and GFP
channels, respectively, using the excitation light of 405 nm
(for BFP) or a combination of 405 nm (for BFP) and 488 nm
(for GFP). Filaments of the control strain showed bright
green fluorescence after excitation at 405/488 nm only. In
contrast, the dual-labeled strain showed dim blue fluores-
cence and bright green fluorescence under both excitation
conditions, indicating FRET between AnaRnb-BFP (the
donor) and AnaRne-GFP (the acceptor).

We then quantified the FRET efficiency and distance be-
tween AnaRnb-BFP and AnaRne-GFP using the acceptor
photobleaching method (Figure 5B). To accomplish this,
the fluorescence of the cells needed to be imaged before
and after the acceptor is photobleached by light at its exci-
tation wavelength. Before being photobleached, the accep-
tor protein, AnaRne-GFP, received energy from the donor
protein AnaRnb-BFP, resulting in weak donor fluorescence
(donor quenched) and bright acceptor fluorescence. After
photobleaching of AnaRne-GFP, the donor, AnaRnb-BFP,
showed increased fluorescence, as its energy could no longer
be transferred to AnaRne-GFP (donor dequenched). By
measuring the increase in AnaRnb-BFP fluorescence before
and after photobleaching of AnaRne-GFP, the FRET effi-
ciency and distance between the two proteins were calcu-
lated, showing that AnaRnb-BFP and AnaRne-GFP had a
high FRET efficiency of ~0.7, and a distance of ~5 nm.
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Figure 4. Subcellular localization of AnaRnb and AnaRne. The filaments of a dual-labeled strain with AnaRnb-BFP and AnaRne-GFP (A) and the
filaments of the wild-type (WT) strain (B) were observed under a confocal microscope. The fluorescent signals in the same field were recorded in the channels
for green fluorescence (GFP), blue fluorescence (BFP) and photosynthetic pigment fluorescence (PC). Merged images of blue and green fluorescence are

also shown (GFP+BFP). Scale bar: 5 pum.

Anabaena RNase II enhances the endonuclease efficiency of
RNase E

To investigate the effect of the interaction between AnaRnb
and AnaRne on their catalytic activities, we tested the
degradation of different RNA substrates by AnaRnb and
AnaRne, either alone or in combination. Five RNA sub-
strates were selected for the assay: two 5'-FAM-labeled
RNAs used above (16ss and 30ss), and three newly synthe-
sized 5’-monophosphorylated and 3’-FAM-labeled RNA
substrates (LU13, CRISPR3 and RNA62) (41-43). The 5'-
FAM-modified 16ss RNA was degraded only by the 3'-5
exoribonuclease AnaRnb, not by RNase E. We observed
that it was equally degraded by AnaRnb in the presence or
absence of AnaRne (Figure 6A). Similarly, the AnaRnb ac-
tivity on the 5-FAM-modified 30ss was not influenced by
the presence of AnaRne either (Supplementary Figure S6).
Thus, with the tested substrates, the activity of AnaRnb
was not influenced by the presence of AnaRne. We fur-
ther checked if the activity of AnaRne was affected by the
presence of AnaRnb. The 5'-monophosphorylated and 3'-
FAM-modified LU13, CRISPR3 and RNAG62 were cleaved
only by AnaRne or AnaRneN, not by AnaRnb, and their
cleavage by either AnaRneN or AnaRne was significantly
enhanced in the presence of AnaRnb (Figure 6B). To quan-
tify the enhancing effect, the percentage of cleaved sub-
strates in the presence or absence of AnaRnb was measured
and compared (Figure 6B). It showed that AnaRnb had
greater enhancing effect on AnaRne activity when the reac-
tion time is short. After 5 min of incubation, 16% of LU13
was cleaved by AnaRne alone, whereas 38% was cleaved
when AnaRnb was present, showing 1.5-fold enhancement
of cleavage. Similarly, 34% of CRISPR3 was cleaved by
AnaRne alone and 65% cleaved in the presence of AnaRnb
in 5 min, showing 0.91-fold enhancement. For RNAG62, the

enhancing effect could not be accurately estimated, since the
substrate was already efficiently cleaved by AnaRne alone
(83%), and it was almost completely cleaved (98%) in the
presence of AnaRnb in 5 minutes. With longer reaction
time, cleavage of these substrates by AnaRne was also stim-
ulated by AnaRnb, but to a lesser extent (e.g. the cleavage of
LU13 and CRISPR3 by AnaRne was enhanced in the pres-
ence of AnaRnb by 0.71-fold and 0.16-fold, respectively),
probably due to the decrease of substrate concentration and
reduced enzyme activity. The enhancing effect of AnaRnb
on the activity AnaRneN was similar (Figure 6B). These
data indicate that the activity of AnaRne can be regulated
by its interaction with AnaRnb.

DISCUSSION

In the E. coli RNA degradosome, several protein compo-
nents are recruited by the endoribonuclease RNase E. Be-
cause AnaRne and EcRne share a similar domain architec-
ture, it is likely that AnaRne may also recruit other compo-
nents to form a large, E. coli-like RNA degradosome. Our
previous studies have shown that RNase E forms a com-
plex with PNPase in cyanobacteria via interaction with a C-
terminal motif in the noncatalytic region (35). PNPase is the
major exoribonuclease in all RNase E-based degradosomes,
and it binds to the C-terminal end of the noncatalytic do-
main of RNase E (18,49,50). In addition to PNPase, RNB
family exoribonucleases are also found in the RNA degra-
dosome of some species. For example, RNase R is a com-
ponent of the RNA degradosome in the psychrotrophic
bacterium, Pseudomonas syringae Lz4W (17), and RNase
IT might be also present in the E. coli RNA degradosome
(51). However, how RNase R and RNase II interact with
RNase E within the degradosome, and how they regulate
the activities of the degradosome and RNA metabolism
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Figure 5. Examining the intracellular interaction between AnaRnb and AnaRne by FRET. (A) Checking the FRET between AnaRne-GFP and AnaRnb-
BFP using the sensitized emission method. For the dual-labelled strain (left), GFP fluorescence could be observed at the BFP excitation wavelength (405
nm), indicating energy transfer from AnaRne-BFP to AnaRne-GFP; while for the GFP-labeled control strain (right), GFP fluorescence was emitted only
at the GFP excitation wavelength (488 nm). Scale bar: 5 pm. (B) Measurement of the FRET efficiency between AnaRnb-BFP and AnaRne-GFP by the
acceptor photobleaching method. The filaments of the dual-labelled cells were imaged in the GFP and BFP channels before and after the acceptor AnaRne-
GFP was photobleached (left panel). Q and DQ are the fluorescence signals for the quenched and dequenched state of the donor protein. Pr and Po are
the fluorescence signals for the acceptor before and after photobleaching. The middle and right panels are the color intensity maps showing the FRET
efficiency and distance between donor and acceptor calculated from the ratio of the donor fluorescence signals measured before and after photobleaching

of the acceptor. Scale bar: 10 pm.

are unknown. In this study, we determined that RNase E
formed a complex with RNase II in Anabaena. We found
that AnaRnb, through its S1 and CSD domains, bound to
the catalytic domain of AnaRne, and that AnaRne cleaved
the synthetic substrates of LU13, CRISPR3 and RNAG62
significantly faster in the presence of AnaRnb, implying that
the binding of AnaRnb to the active core of AnaRne reg-
ulates its catalytic activity. Furthermore, we demonstrated
that AnaRnb and AnaRne co-localized in the cytoplasm by
FRET assay. It is very likely that the exonuclease AnaRnb
and the endonuclease AnaRne cooperatively degrade RNA
substrates in vivo. It should be noted that to our knowledge,
AnaRnb is the first ribonuclease enzyme shown to interact
with the catalytic domain of RNase E. The interaction be-
tween AnaRne and AnaRnb in Anabaena PCC 7120 not
only provides another example of the physical link between
RNB family exoribonucleases and the essential endonucle-
ase RNase E, but also represents a new regulatory mecha-
nism for RNase E activity. As RNase Il and PNPase bind

to the catalytic and noncatalytic regions of AnaRne, respec-
tively, it is very likely that these three ribonucleases form a
large RNA degradation complex in vivo.

The RNB family enzymes RNase II and RNase R, as
ubiquitous 3'-5 exoribonucleases, are important for the reg-
ulation of gene expression and are involved in virulence
in prokaryotes (52-54). Using short artificial substrates,
we determined that AnaRnb only degraded single-stranded
substrates, a catalytic property very similar to that of E. coli
RNase II. However, only a small portion of key residues
in E. coli RNase II (i.e. Y253, R500 and E542) are also
conserved in AnaRnb. EcRnb with the mutation of R500A
completely loses the activity, while mutation of the corre-
sponding residues in AnaRnb (R558A) only decreased but
did not eliminate enzyme activity (Supplementary Figure
S5). EcRnb uses four acidic residues (D201, D207, D209,
D210) for metal ion coordination at the catalytic center,
but the counterpart region in AnaRnb contains only two
acidic residues (D262 and E267) (Supplementary Figure
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Figure 6. The effect of AnaRnb and AnaRne interaction on their ribonucleolytic activities. (A) Testing the influence of AnaRne on the exoribonuclease
activity of AnaRnb on the 5 FAM-labeled 16-base single-stranded RNA 16ss. AnaRne or BSA at 10 nM was included in the indicated reactions. (B)
Testing the influence of AnaRnb on the endoribonuclease activity of AnaRne on the 5’-monophosphorylated and 3" FAM-labeled substrates of LU13,
CRISPR3 and RNAG62. The major cleavage sites in the substrates are indicated by rightwards arrows. The positions of the bands corresponding to intact
substrates (S) and the degradation/cleavage products (P) are indicated on the right. The numbers below the gel lanes are the percentages of degraded/cleaved
products in the corresponding reactions, which were calculated based on the intensity of the gel bands quantified using ImageJ (https://imagej.nih.gov/ij).
All the reactions were performed at 30°C for the indicated time periods. AnaRne at 10 nM or AnaRneN at 100 nM was added in the indicated reactions,

and BSA at the same concentrations was included as the control reactions. Each reaction mixture contained 50 nM RNA substrate.
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S1). Thus, AnaRnb and EcRnb likely use a different set of
key residues for catalytic activity. We further compared the
predicted structure of AnaRnb and the experimentally de-
termined structure of EcRnb (28). The two proteins have a
similar overall structure, but the space between the CSD1
domain and the RNB domain looks smaller in AnaRnb
than in EcRnb (Supplementary Figure S2). The differences
in key residues and structure imply that they may have dif-
ferent substrate preference in their hosts.

In E. coli, RNase II, together with PNPase, performs
the major mRNA degradation activities (55); it also plays
a critical role in A-site mRNA cleavage (56). In addition,
RNase II regulates RNase PH levels and is essential for cell
survival during starvation and prolonged stationary phase
(57). Besides E. coli, the biological and physiological func-
tions of RNase II are much less understood. In cyanobac-
teria, RNase II has only been investigated in two unicel-
lular strains, Synechocystis PCC 6803 and Synechococcus
PCC 7002. In both strains, RNase Il is dispensable. In Syne-
chocystis, mutation of RNase I1 led to resistance to the car-
bonic anhydrase inhibitor acetazolamide (58), and in Syne-
chococcus PCC 7002, the RNase II mutant grew slower and
had reduced phycocyanin content (59). However, the mech-
anisms underlying the functions of RNase II in cyanobac-
teria remain unclear. The interaction between RNase I and
RNase E in Anabaena revealed in this study implies that
RNase II may regulate RNA metabolism and cellular ac-
tivities mainly through its cooperation with RNase E in this
cyanobacterium.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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