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Background In Antarctic P syringae RNase R play an essential role in the processing of 16S and 55 rRNA, thereby
playing an important role in cold-adapted growth of the bacterium. This study is focused on deciphering the in vivo
functional activity of mesophilic exoribonuclease R and its catalytic domain (RNB) in an evolutionary distant psychro-

Results Our results confirm that £ coli RNase R complemented the physiological functions of the psychrophilic
bacterium P syringae RNase R and rescued the cold-sensitive phenotype of Pseudomonas syringae Arnr mutant. More
importantly, the catalytic domain (RNB) of the E. coli RNase R is also capable of alleviating the cold-sensitive growth
defects of Arnr mutant as seen with the catalytic domain (RNB) of the P syringae enzyme. The Catalytic domain of £.
coli RNase R was less efficient than the Catalytic domain of P syringae RNase R in rescuing the cold-sensitive growth
of Arnr mutant at 4°C, as the Arnr expressing the RNBE (catalytic domain of £ coli RNase R) displayed longer lag phase
than the RNB™ (Catalytic domain of P syringae RNase R) complemented Arnr mutant at 4°C. Altogether it appears
that the E. coli RNase R and P, syringae RNase R are functionally exchangeable for the growth requirements of P. syrin-
gae at low temperature (4°C). Our results also confirm that in P syringae the requirement of RNase R for supporting
the growth at 4°C is independent of the degradosomal complex.

Conclusion £ coli RNase R (RNase R) rescues the cold-sensitive phenotype of the P, syringae Arnr mutant. Similarly,
the catalytic domain of £ coli RNase R (RNBE) is also capable of supporting the growth of Arnr mutant at low tem-
peratures. These findings have a vast scope in the design and development of low-temperature-based expression

Keywords Psychrophiles, Exoribonuclease R, Cold-adapted enzymes, Degradosome, Functional complementation,

Background

RNase R is a conserved hydrolytic ribonuclease (3’ to
5’) that belongs to RNase II family of exoribonucleases.
This processive enzyme is capable of degrading the
RNA molecules through their complex secondary struc-
tures, unlike the exoribonuclease RNase II, which can
degrade only single-stranded RNAs [1-4]. The domain
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arrangement of RNase R is similar to that of RNase II
and Rrp44, with the CSD1, CSD2, and S1 domains cap-
ping the top of the RNB domain [1, 5] (Fig. 1). The crys-
tal structure of E. coli RNase R revealed a unique feature
that differs from the crystal structures of other reported
exoribonucleases is the presence of two open channels
that act as important RNA binding sites, i.e., a top chan-
nel between the S1 and CSD1 domains and a side channel
between the RNB and CSD1 domains [1, 6-8]. Muta-
tional analysis of the enzyme has established that the
aspartic acid residues D272, D278, and D280 in the cata-
lytic pocket of the E. coli RNase R (RNase RE) are impor-
tant for the ribonuclease activity, and D280 is directly
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Fig. 1 Domain organization of RNase R. Schematic representing the domain organization in E.coli and P, syringae RNase R. Individual domains are
shaded in separate colors and numbers represent the amino acids in the primary sequence of protein

involved in the catalysis during the hydrolytic cleavage
of terminal nucleotides from the RNA chain. Further, the
residue Y324 plays a key role in deciding the final length
of end-products. The substrate binding domains (CSD1,
CSD2, and S1) bind only to single-stranded 3’-overhang
ends of RNA molecules, thereby screening the substrates
and regulating the entry of RNA into the catalytic pocket
of the enzyme [9]. Structural comparison of E. coli RNase
R with other RNase II family proteins revealed two open
RNA-binding channels in RNase R and suggested a tri-
helix ‘wedge’ region in the RNB domain that may induce
RNA unwinding. Construction of two tri-helix wedge
mutants revealed that mutants, indeed lost their RNA
unwinding but not RNA binding or degrading activi-
ties. Structural studies revealed that duplex RNA with
an overhang is bound in the two RNA-binding channels
in RNase R. The 3’ overhang is channeled into the active
site and duplex RNA is unwound upon reaching the
wedge region during RNA degradation [1].

Thus, the RNA binding domains CSD1, CSD2, and S1
play multiple roles in substrate recognition and sensing
of 3’ overhangs of RNA molecules, whereas RNB domain
plays a critical role in unwinding and processing/degra-
dation of double-stranded RNA molecules [1, 2, 10].

Physiologically, RNase R plays a key role in the RNA
metabolism of cell via degradation of polyadenylated
RNAs, degradation of mRNA transcripts containing
REP (repetitive extragenic palindromes) sequences [3],
degradation of defective and non-functional tRNAs,
trans-translation and quality control of ribosomes [11],
turnover of ribosomal RNAs (e.g., 16S and 23S rRNAs)
[8, 12-15] and growth-phase specific (e.g., stationary
phase) removal of ompA mRNA in E. coli [16]. Deple-
tion of RNase R affects tmRNA (transfer-messenger
RNA) metabolism as evidenced by the accumulation of
tmRNA precursors and tmRNA degradation intermedi-
ates [17]. The tmRNA-dependent trans-translation path-
way is important for releasing the stalled ribosomes from

truncated or defective mRNAs, tagging the proteins and
peptides produced from the truncated mRNAs and facili-
tating the degradation of both defective RNAs and pro-
teins. Thus, RNase R also plays a role in the maintenance
of protein quality in the cells [18].

RNase R is a stress-induced protein that shows
increased expression at low temperatures and station-
ary phase [16, 18]. In E. coli RNase R is encoded by rnr
gene, and its levels in the cell are regulated by RNase G,
RNase E, and SmpB [19, 20]. In Streptococcus pneumo-
niae, Aeromonas hydrophila, pathogenic E. coli, and Shi-
gella flexneri, disruption of rnr gene leads to a decrease
in virulence [21-23]. RNase R is also required for the
low-temperature growth of Legionella pneumophila and
A. hydrophila [24]. In Mycoplasma genitalium bearing
the smallest bacterial genome, RNase R is the only exori-
bonuclease that plays a crucial role in all RNA metabolic
processes including the processing and degradation of
different types of RNA molecules [25-27]. Recent stud-
ies have illustrated that methylated ribose in the ribonu-
cleotides acts as stop signals for RNase R-mediated RNA
degradation [26]. This indicates that ribose methylation
status of RNA might be used as a signaling mechanism
by bacteria for the screening of RNA molecules to be sent
for degradation or processing and maturation.

In our laboratory, RNase R was found to be a com-
ponent of the novel RNA degradosomal complex of P
syringae Lz4W, in which RNase R is associated with the
endoribonuclease RNase E and RNA helicase RhlE [28,
29]. The disruption of rnr gene led to a cold-sensitive
phenotype of the Antarctic bacterium. Further biochemi-
cal investigations revealed that cold-sensitive Arur is
defective in the 3" -end processing of 16S and 5S rRNAs,
as a result of which rmr mutants accumulated unpro-
cessed 16S rRNA and 5S rRNA precursor molecules in
the cells [30]. Collectively, these studies have established
three important things: first, psychrophilic bacteria like
P syringae 1Lz4W possess novel degradosome that has
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replaced the ss-RNA degrading exoribonuclease PNPase
with the ds-RNA degrading enzyme RNase R in the pro-
tein complex; second, RNase R plays a crucial role in
cold adaptation, and third, remarkably, the exoribonucle-
ase enzyme plays a role in the 3"-end processing of 16S
rRNAs which was hitherto unknown, but predicted to be
an endoribonuclease mediated process [30].

RNase R is essential for growth of P syringae at low
temperature. P. syringae Arnr mutants display cold sensi-
tive phenotype when grown at 4°C, whereas E. coli Arnr
mutants do not display any low temperature associated
growth defect. At molecular level, Arnr mutants of P
syringae and E. coli accumulate rRNA degradation inter-
mediates suggesting their role in rRNA degradation or
quality control [28, 31]. However, Arnr mutant of P. syrin-
gae accumulates 3"-end unprocessed 16S and 55 rRNA
precursors at low temperature, while E. coli mutant
does not. The P. syringae Arnr mutant is also defective
in tmRNA degradation and processing. Thus, there were
distinct similarities and differences in the activities and
requirements of exoribonucleases (RNase R™ and RNase
RE) during growth of the psychrophilic and mesophilic
bacteria. Therefore, it was important to know whether
E. coli RNase R would be able to complement the cold-
sensitive growth defect of Arnr mutant of the Antarctic
P syringae.

The objectives of this study are (i) Will E. coli RNase R
(RNase RF¢) complement the cold-sensitive phenotype
of P. syringae Arnr mutant? (ii) Will the catalytic domain
(RNBE€) of E. coli RNase R be able to carry out similar
in vivo functions like the catalytic domain (RNB™) of
P syringae RNase R despite their differences in in vitro
activities?

Our study clearly demonstrates that the E. coli-spe-
cific exoribonuclease R (RNase RF¢) has retained all the
functions that are necessary to support the growth of
psychrophilic P syringae at 4 °C. This is remarkable as
E. coli itself does not grow at 4°C, and the enzymes in
spite of their evolutionary divergence and alteration in
the biochemical properties, have maintained the com-
mon essential activities. The individual catalytic domains
(RNB® and RNBF) are also functionally similar, as both
of them are capable of supporting the growth of Arnr
mutant at 4°C.

Methods

Growth media and bacterial cultures

The Antarctic P.syringae Lz4W was routinely grown at
22°C or 4°C (for optimum and low temperatures respec-
tively) in Antarctic bacterial medium (ABM) composed
of 5 g/l peptone and 2.0 g/l yeast extract, as described
earlier [32, 33]. E.coli strains were cultured at 37°C in
Luria—Bertani medium, which contained 10 g/l tryptone,
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5 g/l yeast extract, and 10 g/l NaCl [34]. For solid media,
15 g/l bacto-agar (Hi Media) was added to ABM or LB.
Both ABM and LB media were supplemented with ampi-
cillin (100 pg/ml), kanamycin (50 pg/ml), and tetracycline
(10 pg/ml) as per requirement.

Fresh ABM broth was inoculated with 1% of primary
culture and incubated at 22°C or 4°C with constant shak-
ing. The optical density of bacterial culture was measured
after different time intervals at 600 nm [OD,] and plot-
ted against time.

Molecular biology methods

General molecular biology techniques including isola-
tion of genomic DNA, polymerase chain reactions (PCR),
restriction enzyme digestion and ligation, transforma-
tion, etc. were performed as described [32]. All restric-
tion enzymes, T4 DNA ligase, and other enzymes used
in this study were purchased from New England Biolabs
(NEB). Plasmids were prepared by using a plasmid isola-
tion kit (Qiagen). Oligonucleotides were purchased from
a commercial source (Bioserve Biotechnology, India).
Gene amplifications were carried out using high-fidelity
pfx DNA polymerase (Invitrogen). The conjugal transfer
of recombinant plasmids into P.syringae was carried out
by a biparental mating method using the donor E.coli
strain S17-1, as described earlier [35].

Construction of plasmids for expression

and complementation studies

All gene cloning experiments were performed in E. coli
DH5a cells. The detailed methodology has been reported
earlier [34, 36, 37]. All plasmids used for protein expres-
sion and genetic complementation are listed in Table 1.

Cloning and expression of E. coli RNase R

The amplification and cloning of the RNase R encoding
gene (rnr) of P. syringae has been reported earlier [30].
The E. coli rnr gene was amplified by using a set of gene-
specific Forward and Reverse primers with incorporated
Ndel and Sall sites, and cloned into pET28a expression
vector (Table S 1). The plasmid (pET28arnr™) was trans-
formed into E. coli BL-21 (DE3) strain, and expression of
RNase RF¢ was observed under IPTG induction at various
time intervals (Data not shown) [40]. The His-tagged E.
coli rnr gene along with vector-specific RBS (Ribosome
binding site) was released from pET28arnr™ plasmid by
Xbal and Sacl digestion and subcloned into broad host
range vector pGL10 [38]. The construct (pGLrnrt) was
transformed into E. coli S-17 strain and mobilized into P
syringae Arnr mutant by biparental mating as described
earlier [35, 41]. Expression of the RNase RE¢ in Arnr
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Table 1 Plasmids used in this study

Plasmid Description Reference/source
pET28a Kan', Expression vector for N-terminal His-tagged proteins, Novagen

pGL10 Broad-host cloning vector, IncP replicon, mob*, Kan" [38]

pET28arnr™ pET28a plasmid for over-expression of N-terminal His tagged P syringae RNase R [30]

pET28arnb™ pET28a plasmid for over-expression of N-terminal His tagged RNB domain of P syringae RNase R [39]

pET28arnrt pET28a plasmid for over-expression of N-terminal His tagged E. coli RNase R This study
pET28armnb™ pET28a plasmid for over-expression of N-terminal His tagged RNB domain of E. coli RNase R This study
pGL10mr™ pGL10 expressing His-tagged P, syringae RNase R protein [28]

pGL10mb™ pGL10 expressing His tagged RNB domain of P syringae RNase R protein [39]

pGL10rmr pGL10 expressing His tagged E. coli RNase R protein This study
pGL10rnbte pGL10 expressing His-tagged only RNB domain of £. coli RNase R protein This study

strain was confirmed by Western analysis using anti-His
antibodies (Fig. 2).

Cloning and expression of RNB domain of RNase RE¢

The truncated gene fragment (1239 base pairs) encod-
ing catalytic (RNB) domain (413 amino acids) of E. coli
RNase R was amplified using gene-specific forward and
reverse primers with incorporated Ndel and BamHI sites
respectively, and cloned into pET28a expression vec-
tor. (Table S 1). The resultant plasmid pET28aRNBE was
transformed into E. coli BL-21(DE3) strain and expres-
sion of RNB* domain under IPTG induction was con-
firmed by SDS-PAGE analysis (Data not shown). The
fragment encoding the His-tagged RNBF domain was
released from pET28aRNBEC along with vector-specific
RBS (Ribosome binding site) by Xbal and Sacl digestion
and subcloned into broad host range plasmid pGL10 [38].
The construct (p.GLRNBEC) was transformed into E. coli
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§-17 strain and mobilized into P. syringae Arnr mutant by
bi-parental mating as reported earlier [35, 41]. Expression
of the RNBE® in Arnr mutant was confirmed by Western
analysis using anti-RNase R antibodies (Fig. 3).

Functional complementation studies

Broad host range vectors pGL10rn/™ and pGL10rn-
b* were mobilized into cold-sensitive Arnr strain, and
growth pattern of complemented strains was analyzed at
both optimal and low temperatures (22 °C and 4 °C). All
bacterial strains used for genetic complementation stud-
ies are listed in Table 2.

Results

Bioinformatic analysis of P. syringae rnr gene

Analysis of rnr gene (Gene encoding RNase R) sequences
from different bacteria revealed that rnr locus is highly
conserved among the Pseudomonas. sp. The operon

Cell Lysate
1 2

1. Lz4WArnrpGL10rnr®s
2. LzZ4WArnrpGL10rnrEe

Fig. 2 Expression of £.coli RNase R. Expression of RNase RPs and RNase REc in Arnr strain was analyzed by western blotting where cell lysate
from Arnr strains expressing RNase RPs and RNase REc were transferred to a nylon membrane and probed by anti-His antibodies
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Fig. 3 Expression of RNB (Catalytic) domain of £. coli RNase R. (a) Color-coded schematic diagram showing different domains (color shaded)
and position of primers employed for amplification of catalytic RNB domain. The numbers represent the nucleotide base pairs in rnr gene. (b)
Expression of RNB domain in Arnr strain complemented by pGLRNBEc was analyzed by western blotting. Cell lysate from wild-type cells (Lane 2),
ArnrpGLRNBEC strain (Lane 1) were loaded on polyacrylamide gel, transferred to a nylon membrane, and probed with anti RNase RPs antibodies

Table 2 Bacterial strains used in this study

Reference or source

Bacterial strains Description
E. coli DH5a

used for all gene cloning purpose
E.coli S17-1

E.coliBL21 (DE3)
of proteins under IPTG induction

F- 80lacZAM15 A(lacZYA-argF) U169 recA1 endA1 hsdR17 (r-, my+) phoA supE44 \- thi-1 gyrA96 relAl [36]

F_prorecAl (r_m_) RP4-2 integrated (Tc:Mu) (Km:Tn7) [Smr Tpr]; used as a donor strain in conjugation [38]
FompT gal dcm lon hsdSg(rg~ mg™) ADE3 [lacl lacUV5-T7 gene 1ind1 sam7 nin5]), used for overexpression [40]

P syringae (Lz4W) Lz4W Amp', wild-type [29]
Arnr m:: tet” [30]

P syringae strain with disrupted rnr gene
Arnr(pGL10rnr™) Arnr strain complemented by P syringae rnr [30]
Arnr(pGL10rnb™) Arnr strain complemented by only RNB domain of P, syringae RNase R [39]
Arnr(pGL1 ornrt©) Arnr strain complemented by E. coli mr This study
Arnr(pGL10rnbEo) Arnr strain complemented by only RNB domain of E. coli RNase R This study

consists of rnr (RNase R encoding) and trmH gene
(encoding putative tmRNA or rRNA methyl transferase).
Up-stream of the Bi-cistronic operon are two genes that
code for tRNA-leucine, whereas downstream of the rnr
operon is a highly conserved gene (rpsF) that codes for S6
ribosomal protein [39].

Sequence alignment studies (T-COFFEE, EMBL-EBI)
of rur gene from Antarctic P. syringae, P. aeruginosa, P
fluorescens, and mesophilic representative strains (E. coli
and B. subtilis) revealed that P. syringae Lz4W displayed
maximum similarity with P fluorescens (88.91%), fol-
lowed by P aeruginosa (74.97%) (Fig. 4a). The Antarc-
tic bacterium shows only a modest sequence similarity

(53.17%) with E. coli and even lesser similarity with
B. subtilis (37.52%). Sequence alignment results illus-
trate that there is high similarity among the representa-
tive strains from Pseudomonas sp., as compared to their
sequence similarity with representative strains from mes-
ophiles (E. coli and B. subtilis).

A gene sequence-based phylogeny of exoribonuclease
(rnr) genes from Pseudomonas. sp., and mesophilic E.
coli, B. subtilis is shown in Fig. 4b. The analysis indicates
that the rnr genes belonging to different strains have been
clustered into three distinct groups representing, Pseu-
domonas. sp. (P, syringae Lz4W, P. aeruginosa, and P, fluo-
rescens), E. coli, and B. subtilis. The representative strains
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Fig.4 Multiple sequence alignment [T-coffee, www.ebi.ac.uk] of the amino acid sequence of the RNA helicases. Accordingly, B. subtilis has been
indicated as B whereas E. coli has been abbreviated as E. Similarly P syringae Lz4W, P. aeruginosa, and P. florescens have been indicated as Lz4W, P_1,
and P_2 respectively. The alignment results also illustrate the identity among amino acid residues in different [N and C] regions of the protein
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from Pseudomonas group display sufficient homology
among each other to be clustered as a group and pro-
vide a possible explanation for a convergent evolution
among the representative strains in pseudomonas group
or divergence from the mesophilic representatives which
have been clustered in two separate groups.

Growth analysis of Arnr strain complemented with RNase
REc

To confirm whether the E. coli RNase R is capable of
complementing the cold-sensitive growth defect of P
syringae Arnr mutant, the complemented Arnr mutant
(Arnr/pGLrnr™) expressing the E. coli RNase R was
monitored for growth, and the growth profiles were
compared with the wild-type and Arnr mutant. Experi-
mentally, all bacterial strains were grown at optimal
(22°C) and low (4°C) temperatures, and ODg, values of
the cultures were recorded at regular intervals and plot-
ted against time. All strains displayed optimal growth
pattern at 22°C (Fig. 5a). As expected, the cold-sensitive
Arnr mutant did not display any measurable growth at
4°C; however, the cold sensitive phenotype of P. syringae
Arnr mutant was rescued by E. coli-specific RNase R
in the complemented mutant (Arnr/pGLrur™) (Fig. 5b).
The results confirmed that the E. coli specific RNase RE¢
is active in P, syringae, and the enzyme is capable of com-
plementing the functions of P. syringae RNase R at low
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temperature. The activity of the RNase RE¢ was compara-
ble to the endogenous RNase R, as the growth profiles
of the two complemented mutants (Arnr/pGLrnr™ and
Arnr/pGLrnr™) were similar.

Complementation of cold-sensitive phenotype

of Arnr mutant by catalytic domain (RNBE)

To assess the biological activity of the catalytic domain
(RNB) of E. coli-specific RNase RE¢ by complemen-
tation analysis, we expressed the RNBE® domain in P
syringae Arnr mutant from a broad host range plasmid
pGL10. For biological activity, growth profiles of Arnr
strain (Arnr/pGLRNBE) expressing the RNB of E. coli
RNase R were compared with Arnur expressing P. syrin-
gae RNB (Arnr/pGLRNB) and the wild-type. The above
strains were grown at 22°C and 4°C, and optical densi-
ties of the cultures were measured at ODg, at regular
intervals and plotted against time. All strains displayed
normal growth at 22°C (Fig. 6a). At 4°C, Arnr mutant
displayed a cold-sensitive phenotype, whereas the com-
plemented mutants Arnr/pGLRNB® and Arnr/pGLRN-
B¢ displayed measurable growth to stationary phase but
with a long lag time (Fig. 6b). The lag time was longer in
Arnr/pGLRNBEC compared to Armr/pGLRNBFS strain.
The results confirmed that catalytic domains of both the
mesophilic and psychrophilic exoribonuclease R (RNase
R) are physiologically active and sufficient for rescuing
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10- 22°C 104 4°C
.""‘H
,/I’ —4 1 A”/ -~ il
7 .I..' J.'
Jf.r'
Q 0.1 Vi
© s
;o _——k——
——WT 'y - P &
—&— Arnr o’: K ——WT
A Ak
0.014+ 4 —— Arnr
—— Arnr(pGrnr=°)
—— Arnr(pGrnrce)
T T 0'001 1 1 1 1 1 1
20 24 0 25 50 75 100 125 150
Time(Hrs)

Time(Hrs)

Fig. 5 Mesophilic RNase R complements cold-sensitive phenotype of Arnr. (@) Growth profile of wild-type, Arnr, ArnrpGLmiPs, and ArnrpGLrnrEc
strains at 22°C and (b) at 4°C confirmed over-expression of RNase RES from broad host range plasmid (pGL10) complements cold-sensitive
phenotype of Pseudomonas syringae Arnr strain. For measurement of growth, samples were collected from each culture at regular intervals, OD
at 600 nm was recorded and plotted against time. Each growth curve was performed at least three times
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Fig. 6 Complementation of Arnr strain by catalytic domain (RNB) of E. coli RNase R. (@) Growth analysis of P syringae wild type, Arnr, ArnroGLRN B,
and AmrpGLRNBEC strains at 22°C and (b) at 4°C established that complementation of cold-sensitive Arnr strain by RNBE alleviates the cold-sensitive
phenotype of mutant strain but with a long Lag phase even longer than with RNB™. For measurement of growth in cell cultures at 22°C or 4°C,
samples were collected from each culture at regular intervals, and their OD at 600 nm was recorded and plotted against time. Each growth curve
was repeated at least three times

the cold-sensitive phenotype of P. syringae Arnr mutant.
At low temperatures (4°C), the longer growth lag exhib-
ited by Arnr mutant complemented by RNBE¢, compared
to Arnr mutant expressing the RNB™ might be related to
the physiological efficiency of RNB over the heterolo-
gous E. coli specific RNBEC,

Discussion

The major focus of the current study was to examine
the activity of E. coli RNase R in the cold-adapted Ant-
arctic P. syringae, as RNase R plays an important role in
the growth and viability of the P. syringae, especially at
low temperatures (4°C). RNase R functions inside the
cells either as an integral component of a multi-enzyme
complex or as a freely soluble enzyme. This is impor-
tant, as bacteria possess a huge RNA degrading multi-
enzyme complex (degradosome) for efficient processing
and degradation of different RNA substrates with vari-
able complexity. The RNA degradosome is generally
composed of Endo-ribonuclease E (RNase E), that acts
as a scaffold for the assembly of other components like
exoribonucleases (e.g., PNPase and RNase R), RNA
helicases (e.g., RhiB, RhIE, and Rho factors), regulatory
proteins (e.g., metabolic enzymes enolase and acon-
itase) and many transient proteins (e.g., DnaK, GroEL,
GroES, Hfq, poly(A) polymerase [42] and polyphos-
phate kinase, etc.) that functionally interact with each
other for the efficient processing and degradation of the

160 200 240 280 320

40 80 120

Time(Hrs)

substrates. The degradosome is a highly dynamic struc-
ture which undergoes changes in composition under
different growth conditions within the cells of a species
and in different bacterial species with diverged adapt-
ability to different environmental stresses. This has
been achieved by the binding activity of highly variable
and intrinsically disordered regions of the C-terminal
domain of RNase E. In E. coli degradosome, C-termi-
nal region of RNase E acts not only as a scaffold for the
assembly of exoribonuclease PNPase, RNA helicase
RhIB, and the glycolytic enzyme enolase [43, 44] but
also helps in localizing the complex to plasma mem-
brane using a membrane targeting sequence (MTS)
motif on this domain [45]. Since Antarctic P. syringae is
adapted to grow at low temperatures, the degradosomal
components include RNase E that provides a scaffold
for the assembly of the ds-RNA degrading exoribo-
nuclease RNase R, and RNA helicase [46]. Disruption
of rnr gene leads to defects in the processing of rRNA
(16S rRNA and 5S rRNA) and consequent cold-sensi-
tive phenotype accompanied by cell death [30]. On the
other hand, the disruption of rnr gene in E. coli has no
deleterious effect on the processing of RNA or growth,
although double mutant of rur and pnp is not viable
[13]. This study has convincingly proved that in P. syrin-
gae, the important functions of exoribonuclease R in
rRNA processing and maintenance of cellular physiol-
ogy are independent of the degradosomal complex.
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Maintaining the rate of enzyme-catalyzed reactions
at an acceptable limit to sustain growth by synthesizing
cold-active and thermo-labile enzymes in cold environ-
ments is the most important adaptation of psychrophiles
[46-51]. Lack of strong selective pressure for structural
stability in cold environments probably helped in the
evolution of cold-active enzymes with increased desta-
bilization and flexibility of active site or whole protein
[52]. Reactions catalyzed by cold-active enzymes pro-
gress with decreased AG and AH reflecting that these
enzymes are more efficient with high specific activity and
are less temperature dependent [53-56]. The active site
of these enzymes is less stable and heat-labile [57, 58]
whereas these enzymes unfold at relatively lower temper-
atures than their mesophilic homologs [59]. It has been
observed that the majority of cold-adapted enzymes have
a half-life of less than 12 min at 50 °C [49, 60, 61]. Cold-
adapted enzymes are prone to increased error in folding
[62] and cold denaturation, most probably caused by the
hydration of polar and non-polar groups [59, 63, 64]. Psy-
chrophilic enzymes are also accompanied by structural
changes outside the active site that modulate the activity
of critical residues at freezing temperatures and enhance
the flexibility of loops around the active site. Cold active
enzymes have more accessible and large-sized active sites
[65, 66], better channeling of the substrate to the active
site, enhanced electrostatic potential, and better release
of products [53, 65-69].

Recent studies have provided valuable insights into
the structure—function relationship of various enzymes
including the ribonucleases. These studies have provided
the role of structural flexibility, side chain flexibility, and
the role of hydrophobic amino acids in the functioning
of the protein. Our results have provided an important
input that, despite having variable structural adaptabil-
ity and substrate specificity, conservation of function
allowed the mesophilic enzyme to perform its function
in an evolutionary distinct cold-adapted species of bac-
teria. The role of different polar/non-polar amino acids,
amino acid side chains, and structural flexibility may be
more related to protein thermostability, thermolability,
substrate specificity, and catalysis. Our study has com-
prehensively proved that exoribonuclease R has a flexible
structure that allows it to interact even with less specific
substrates and perform its function at a physiologically
acceptable rate.

In the light of the differences between two types of
degradosomal assembly exemplified by the E. coli and P
syringae, variations in structure—function relationship
among cold-adapted and mesophilic enzymes, differ-
ences in biochemical properties and divergent in vivo
functions of two exoribonucleases, two questions were
raised: (i) will mesophilic E. coli RNase R (RNase RE)
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be able to complement the cold-sensitive growth defect
of P. syringae Arnr mutant? (ii) Despite bearing differ-
ences in in vitro activities, will the catalytic domain
(RNBE) of E. coli RNase R be able to carry out similar
in vivo functions like the catalytic domain (RNB) of P
syringae RNase R?

Our results illustrate that E. coli RNase R (RNase
RF) is capable of rescuing the cold-sensitive growth
defect of P syringae Arnr mutant. The findings of the
current study also illustrate that the catalytic domains
of two exoribonucleases from E. coli and P. syringae
(RNBE® and RNB™) are also capable of complement-
ing the growth defects of P syringae Arnr mutant at
low temperature (4°C). However, P syringae Arnr
mutant expressing the catalytic domain derived from
E. coli RNase R (RNB) displays a longer lag time
(~ 240 hours) as compared to the lag time (~ 120 hours)
displayed by the P. syringae Arnr mutant complemented
by catalytic domain derived from the P. syringae RNase
R (RNB). The difference in the catalytic efficiencies
of RNB" and RNB® at low temperatures is probably
related to the substrate specificity, substrate binding,
and structural flexibility associated with the two cata-
lytic domains.

Altogether, the results presented here suggest that E.
coli RNase R could alleviate the cold-sensitive pheno-
type of P syringae Arnr mutant at 4°C. The activities
of the conserved catalytic domains (RNB" and RNB)
are largely intact in the two diverged bacteria (P. syrin-
gae and E. coli) adapted to grow in different tempera-
ture ranges. These results also provide valuable insights
into the flexibility of protein structure, structure—func-
tion relationship, and conservation of function among
the exoribonucleases. Since cold-sensitive Arnr mutant
accumulates unprocessed 5S and 16S rRNA at low tem-
peratures, the rescue of cold sensitivity in Arnr mutant
by RNase R¥ is indicative of an essential role being
played by E. coli RNase R in 16S and 5S rRNA process-
ing [30, 31].

Abbreviations

RNase R Exoribonuclease R

RNase R®  E. coli-Specific RNase R
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tmMRNA Transfer-messenger RNA
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