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ABSTRACT

RNase E is a 472-kDa homo-tetrameric essential
endoribonuclease involved in RNA processing and
turnover in Escherichia coli. In its N-terminal half
(NTH) is the catalytic active site, as also a substrate
5′-sensor pocket that renders enzyme activity maxi-
mal on 5′-monophosphorylated RNAs. The protein’s
non-catalytic C-terminal half (CTH) harbours RNA-
binding motifs and serves as scaffold for a multipro-
tein degradosome complex, but is dispensable for
viability. Here, we provide evidence that a full-length
hetero-tetramer, composed of a mixture of wild-type
and (recessive lethal) active-site mutant subunits, ex-
hibits identical activity in vivo as the wild-type homo-
tetramer itself (‘recessive resurrection’). When all of
the cognate polypeptides lacked the CTH, the active-
site mutant subunits were dominant negative. A pair
of C-terminally truncated polypeptides, which were
individually inactive because of additional mutations
in their active site and 5′-sensor pocket respectively,
exhibited catalytic function in combination, both in
vivo and in vitro (i.e. intragenic or allelic complemen-
tation). Our results indicate that adjacent subunits
within an oligomer are separately responsible for 5′-
sensing and cleavage, and that RNA binding facili-
tates oligomerization. We propose also that the CTH
mediates a rate-determining initial step for enzyme
function, which is likely the binding and channelling
of substrate for NTH’s endonucleolytic action.

INTRODUCTION

In many Gram-negative bacteria (including Escherichia coli
and Salmonella enterica), the endoribonuclease RNase E
participates in global mRNA turnover, post-transcriptional
maturation of rRNAs and tRNAs, and regulation of stabil-
ity of small RNAs (sRNAs) and their targets (1–6). It is es-
sential for E. coli viability and exists as a homo-tetramer of

a 1061-amino acid-long polypeptide that is encoded by the
rne gene. Expression of rne is autoregulated (7–11), since
the 5′-untranslated region (5′-UTR) of the rne transcript is
itself a substrate for the enzyme (12,13).

The properties of RNase E may be discussed in terms of
an N-terminal half (NTH) up to residue 529, which bears
the catalytic domain, and a non-catalytic C-terminal half
(CTH) comprising the remainder. The CTH is intrinsically
unstructured and serves as scaffold for assembly of a pro-
tein complex called the degradosome (14–19). The latter is
comprised of RNase E, polynucleotide phosphorylase (PN-
Pase), RhlB helicase and enolase, and is believed to medi-
ate efficient degradation of structured transcripts. The CTH
carries a membrane-targeting sequence (20–23), two RNA-
binding domains (18,24), a putative self-oligomerization
domain (19), and a region that binds Hfq protein to facili-
tate the enzyme’s interactions with sRNAs (25,26). Never-
theless, the CTH is dispensable for viability.

X-ray crystal structure studies on the NTH of RNase E
(both the apoprotein, and its complex with RNA) have es-
tablished the mechanism of tetramer assembly, which is as a
dimer of dimers (27,28). Each NTH protomer is folded into
a pair of globular domains, large (residues 1–400) and small
(residues 415–529), with an intervening linker containing
cysteine residues at positions 404 and 407. The four Cys
residues from linker regions of a pair of adjacent subunits
co-ordinate a Zn2+ atom to form a ‘principal’ dimer, and
the small domains of a principal dimer engage with those of
another to constitute the tetramer in a ‘twin-scissors’ con-
figuration (27,29). The identification of dominant-negative
variants of RNase E (30) is consistent with its function as
an oligomer.

Residues D303 and D346 are inferred to lie in the active
site of RNase E (27). Endonucleolytic activity is highest on
RNA with 5′-monophosphate (as compared to 5′-OH, 5′-
diphosphate, or 5′-triphosphate) (31–34), and an allosteric
‘5′-sensor’ pocket exists with R169 as a critical residue (27).
In the co-crystal structure of enzyme with (non-cleavable)
substrate, a single RNA contacts both subunits of the prin-
cipal dimer, with 5′-end in the sensor pocket of one and
the bond for endonucleolytic cleavage in the active site of
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the other; the possibility of such cross-subunit cleavage in
RNase E had been speculated upon earlier (31,35). Nev-
ertheless, no other evidence for a cross-subunit catalytic
mechanism is available, and recent models depict 5′-sensing
and cleavage to occur within a single subunit (6,36).

An enzyme RppH participates in converting tri-
to mono-phosphate at the RNA 5′-end (37,38); 5′-
monophosphorylated RNA can also be generated by prior
endonucleolytic cleavages. A recent study suggests that
RNase E linearly scans RNA from its 5′-end to identify the
cleavage site (39).

RNase E can also cleave RNA by an ‘internal entry’ path-
way that is not dependent on 5′-monophosphate, but its
mechanism is less clear (40–43); this second pathway possi-
bly requires the CTH (44,45). An R169Q substitution that
abolishes 5′-sensing is lethal with CTH truncation but is
viable in full-length RNase E (45,46), which has been in-
terpreted as evidence for an additional RNA recognition
determinant in the CTH (46). A �rppH mutant is also vi-
able, but is synthetically lethal with CTH-truncated RNase
E (45,47).

The NTH of RNase E is paralogous to RNase G (489
amino acids long), but the latter endonuclease is not essen-
tial for viability. It is a homo-dimer with features similar
to those in RNase E, including the location of critical ac-
tive site residues and stimulation by 5′-monophosphate (31–
34,48,49).

Although RNase E and its NTH are homo-tetramers,
polypeptides with more extensive C-terminal truncations
(that are expected to interfere with tetramer assembly and
enzyme quaternary structure) still confer viability. (The
nomenclature herein is to represent each truncation as N�,
where N is the residue number at the C-terminal end of
the polypeptide; thus the NTH, with residues from 1 to
529, is 529� and so on.) Relative to 529�, a preparation
of 499� (with deletion of CTH and part of the small do-
main) showed more monomers and dimers (50), and also
exhibited concentration-dependent catalytic activity (31); a
larger truncation 395� (that lacks the CTH, the small do-
main and the residues for Zn2+ co-ordination) was predom-
inantly monomeric (48). The catalytic capabilities of both
499� and 395� were diminished in comparison to that of
529� (48,50), but the question that arises is how a pro-
tein such as 395� could exhibit any activity at all. A 402�
polypeptide is also catalytically active (51).

In this work, we have examined RNase E variants bear-
ing extended C-terminal truncations in combination with
substitutions in the active site or 5′-sensor pocket. We show
that intragenic or allelic complementation occurs in RNase
E, whereby enzyme activity is restored and strains are ren-
dered viable when pairs of individually inactive mutant pro-
teins are mixed together or co-expressed, consistent with a
cross-subunit mechanism of catalysis; such complementa-
tion occurs also with the 395� variants, where it appears to
be mediated by RNA-facilitated oligomerization. We also
show that full-length RNase E polypeptides with active-site
substitutions that are by themselves lethal can augment the
activity in vivo of a co-expressed wild-type polypeptide, a
novel phenomenon that we refer to as ‘recessive resurrec-
tion’; accordingly, we propose that the CTH mediates a rate-
determining initial step in RNase E function.

MATERIALS AND METHODS

Growth media and bacterial strains

The growth medium was LB (52) unless otherwise in-
dicated, and the growth temperature was 37◦C. Sup-
plementation with ampicillin (Amp), chloramphenicol
(Cm), kanamycin (Kan), tetracycline (Tet), trimethoprim
(Tp) and Xgal were at concentrations described previously
(45). Isopropyl �-D-thiogalactoside (IPTG) was added at
the indicated concentrations in different experiments.

Genotypes of E. coli strains used in the study are listed
in Supplementary Table S1, with the following knock-out
(KanR insertion-deletion) alleles sourced from the collec-
tion of Baba et al. (53): lacY, pnp, recA, relA, rhlB and rng.

Plasmids and primers

The following plasmids have been described previously
(salient features in parentheses): pHYD3004 (54) (AmpR

with ColE1 replicon, for IPTG-mediated T7 promoter-
based protein overexpression); pASKA-rne+ and its cor-
responding empty vector pCA24N from the ASKA col-
lection (55) (CmR with ColE1 replicons, former expresses
full-length RNase E with N-terminal His-tag from vector-
borne T5-lac IPTG-inducible promoter); pWSK29 (56)
(AmpR with pSC101 replicon, which has been used in
this study as vector control in the experiments employing
derivatives of the related KanR pSC101-replicon plasmid
pWSK129); pRne-SG1, pRne-SG4, and pRne-SG21 (46)
(KanR, pWSK129 derivatives expressing, respectively, full-
length RNase E, full-length RNase E with R169Q sub-
stitution, and RNase E-529� with R169Q substitution);
pHYD2373 (45) (KanR and CmR, pWSK129 derivative ex-
pressing RNase E-493� with R169Q substitution); rne+

shelter plasmid derivative pHYD1613 and its ancestral vec-
tor pMU575 (45) (TpR with IncW replicon, with lacZYA
genes upstream of which, in the latter, there is no promoter
and in the former, is the rne+ gene); and pRC-SpoT (57)
(AmpR with mini-F replicon, carries spoT+ and lacZ+ genes
downstream of IPTG-inducible promoter). Plasmids pKD3
(CmR AmpR), pKD13 (KanR AmpR), pKD46 (AmpR) and
pCP20 (CmR AmpR), for use in recombineering experi-
ments and for Flp-mediated site-specific excision of FRT-
flanked DNA segments, have been described by Datsenko
and Wanner (58).

All other plasmids encoding RNase E variants were con-
structed in this study, and are described in the Supplemen-
tary Text and Supplementary Table S2. Oligonucleotide
primer sequences are listed in Supplementary Table S3.

Genetic methods

Procedures for P1 transduction (59) and transformation
(60) were as described. Recombineering for generation of
rne truncations on the chromosome and on plasmids was by
the methods of either Datsenko and Wanner (58) or Court
et al. (61), and plasmid pCP20 was used for excision of
the FRT-flanked KanR or CmR determinants, as described
(58); the detailed procedures for construction of the differ-
ent strains and plasmids are described in the Supplementary
Text. Site-directed mutagenesis on plasmids was performed
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by the QuikChange method (Stratagene, USA) with mod-
ifications, and the details are provided in the Supplemen-
tary Text. All constructs from the recombineering and site-
directed mutagenesis experiments were verified by DNA se-
quencing.

Enzyme assays

�-Galactosidase specific activities were determined for
chromosomal rne-lac and proU-lac fusion strains, in cul-
tures grown to mid-exponential phase, by the method of
Miller (52) and the values are reported in the units defined
therein; mean and standard error values were obtained from
at least three experiments. The lacY gene in each of the chro-
mosomal lac fusion constructs was deleted, so that active
transport of externally added IPTG could not occur into the
cells. When rne-lac expression was measured in strains also
carrying the rne+ shelter plasmid pHYD1613 or its deriva-
tives, the lacZ gene on the plasmid was disrupted with the
lacZ4526::Tn10dTet insertion that was sourced from strain
GJ2278 (62).

RNase E assays were performed essentially as de-
scribed (41), with a 13-mer RNA substrate BR13 (5′-
GGGACAGUAUUUG-3′) which was monophosphory-
lated and fluorescein-conjugated at its 5′- and 3′-ends, re-
spectively (obtained from Sigma Chemicals, USA); cleav-
age by RNase E leads to the release of a pentanucleotide
product with the fluorescein tag. The reaction mixture was
similar to that of Caruthers et al. (48), with enzyme activ-
ity being determined at 30◦C in a 20-�l volume [containing
20 mM Tris–Cl (pH 8), 10 mM MgCl2, 10 mM NaCl, 0.1
mM dithiothreitol and 20 U of RNaseOUT recombinant ri-
bonuclease inhibitor (Thermo Fisher Scientific, USA)] after
addition of 1 pmol of the protein preparation(s) and 2 pmol
of substrate; at different time points, 6 �l aliquots were re-
moved and the reactions were terminated by addition to
each of an equal volume of loading dye [95% formamide, 18
mM EDTA and 0.025% each of sodium dodecyl sulphate
(SDS), xylene cyanol, and bromophenol blue]. The sam-
ples were denatured at 85◦C for 3 min and then subjected
to electrophoresis on an 8 M urea–15% polyacrylamide gel
(60). Fluorescent bands in the gel were detected with a Fu-
jifilm FLA9000 scanner, using 473 nm laser for excitation
and LPB (>520 nm) as emission filter.

Reverse transcriptase-quantitative PCR (RT-qPCR)

RT-qPCR experiments were performed and are reported
below in conformity with the MIQE guidelines (63). The
detailed methods are described in the Supplementary Text,
and data normalizations and analyses were performed es-
sentially as described (64).

Other methods

Growth rates of cultures were determined on a Varioskan
FLASH microplate reader (Thermo Fisher Scientific). The
protocols of Sambrook and Russell (60) were followed for
DNA manipulations and analysis, and transformants fol-
lowing plasmid ligations were recovered in strain DH5�.
DNA sequencing was performed in the institute’s central

facility. His-tagged truncated RNase E variants were pu-
rified following their overexpression by IPTG induction,
either from ASKA-rne-derived plasmids (55) or in strain
BL21(DE3) (65), as more fully described in the Supplemen-
tary Text; high-salt conditions were employed during pro-
tein purification (66), in order to avoid contamination by
host-encoded RNase E in the preparations. The proteins
were stored at −80◦C in the buffer described by Shin et al.
(67), with 20% glycerol. The procedures followed for size-
exclusion chromatography and RNase E immunoblotting
are also described in the Supplementary Text.

RESULTS

Description of RNase E variants and the assays for their con-
tributions to viability and in vivo activity

The C-terminal truncations of RNase E used were (descrip-
tion of regions deleted in parentheses, see Figure 1A): 529�
(CTH); 493� (CTH and part of small domain); 438� (CTH
and major portion of small domain); 418� (CTH and en-
tire small domain) and 395� (CTH, small domain, and
linker residues for Zn2+ co-ordination). The substitutions,
generated in full-length RNase E or the truncation vari-
ants, were (affected region in parentheses): D303A (active
site); D346A (active site); and R169Q (5′-sensor pocket).
The rne gene location for this repertoire of variants in-
cluded: (i) native chromosomal locus; (ii) plasmid pRne-
SG1 (pSC101 replicon, low-copy-number); (iii) plasmid
pHYD1613 (IncW replicon, single-copy-number); or (iv)
plasmid pASKA-rne+ (ColE1 replicon, high-copy-number,
gene expression inducible with IPTG).

Viability of any RNase E variant was tested by express-
ing it in a strain that was �lac and �rne on the chromosome
and carrying the shelter plasmid pHYD1613. The latter is
rne+ lacZ+ and lacks a stringent partitioning mechanism, so
that ∼3–20% of cells in a culture (in absence of selection) are
plasmid-free. Such plasmid-free cells grow as white colonies
on Xgal-supplemented plates (and can be successfully sub-
cultured) if the expressed RNase E variant confers viability,
whereas if it is lethal the proportion of white colonies to to-
tal is <0.2%. We have employed the analogous ‘blue-white’
screening approach earlier in studies of other essential genes
(68–70).

The assay for in vivo RNase E activity relies on the fact
that rne expression is autoregulated. Thus, expression of a
chromosomally integrated Prne-lac (hereinafter referred to
as rne-lac) is an inverse measure of intracellular RNase E
activity (8,10,11).

Viability of RNase E truncations, and lethality associated
with active-site and 5′-sensor mutations

Using the blue-white screening assays, we confirmed that
three RNase E variants in which the CTH and contiguous
regions of the NTH were deleted (493�, 438�, and 418�)
conferred viability when expressed from the native chromo-
somal locus (Figure 1B, panels iii–v), as too did the wild-
type polypeptide (Figure 1B, panel ii); the �rne mutation
was lethal (Figure 1B, panel i). A fourth truncation, 395�,
was lethal in the chromosomal location (Figure 1B, panel
vi).
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Figure 1. Determination of viability conferred by RNase E variants. (A) Linear representation of the 1061-amino acid-long RNase E polypeptide, and of
its C-terminal truncation variants after alignment to the former. Depicted are the NTH (dark grey) and CTH (red) regions of RNase E, and the positions
of the residues R169 (5′-sensor), D303 and D346 (active site), and C404 and C407 (for coordination with Zn2+). (B) Blue-white screening assays with
rne+ shelter plasmid pHYD1613 and different chromosomal rne constructs (as indicated on top of each panel). Representative images are shown, and the
numbers beneath each of the panels indicate the percentage of white colonies to the total, that is, viable even in absence of rne+ shelter plasmid (minimum of
500 colonies counted). Examples of white colonies are marked by the yellow arrows. Strains employed for the different panels were pHYD1613 derivatives
of: i, GJ15079; ii, GJ1499; iii, GJ15078; iv, GJ15020; v, GJ15019 and vi, GJ15018. (C) Blue-white screening assays (as in panel B) to determine viability
conferred by RNase E variants encoded by ASKA- or pWSK129-plasmid derivatives in �rne strain GJ12087. Plasmids used in the different panels were
(variant encoded indicated on top of each): i, pCA24N; ii, pASKA-rne+; iii, pHYD5194; iv, pHYD5183; v, pHYD5166; vi, pRne-SG21; vii, pHYD2379;
viii, pHYD5168; ix, pHYD5152; x, pHYD5151; xi, pHYD5182; and xii, pHYD5181. For panels i-iv and ix–x, the plates were supplemented with 10 �M
IPTG. For panels v and xi–xii, the plates were supplemented with 100 �M IPTG and the shelter plasmid used was pHYD5193 which is a �lacY derivative
of pHYD1613 (so that IPTG accumulation to toxic levels does not occur in the blue colonies).

Cohen and coworkers (48) had shown that overexpres-
sion of 395� confers viability. We too found that 395�
confers viability when expressed from an IPTG-inducible
promoter on a multicopy plasmid, but only so with higher
IPTG supplementation (100 �M) than that required for
constructs expressing the full-length polypeptide and its
529� or 493� derivatives (10 �M) (Figure 1C, compare
panel v with panels ii–iv).

Concerning the substitution variants, earlier work had
shown that 5′-sensor substitution R169Q is lethal in combi-
nation with CTH deletion but is viable in full-length RNase
E (45–47); in this study as well, R169Q was lethal with the
529�, 493� and 395� truncations (Figure 1C, panels vi–
viii). Lethality of active site substitutions D303A or D346A

had also been demonstrated earlier (34), and we confirmed
that they are inviable in both full-length RNase E (Figure
1C, panels ix–x) and 395� (Figure 1C, panels xi–xii).

Reduction in specific activity and increase in dominant nega-
tivity with progressive truncations in RNase E

Through rne-lac assays, we showed that there is progres-
sive reduction in enzyme specific activity with increasing
lengths of C-terminal truncation of RNase E; these exper-
iments were done in strains in which the truncation vari-
ants were the only RNase E-derived polypeptides being ex-
pressed (from Prne on single-copy-number plasmid repli-
con). The decrease was around 3-, 7- and 10-fold with trun-
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Figure 2. �-Galactosidase specific activity (Miller units ± SE) in rne-lac
strains (GJ15071 and GJ15068 respectively) bearing �rne (A) or rne+ (B)
on the chromosome, carrying single-copy-number plasmid derivatives en-
coding the indicated RNase E variants. Plasmids in the different deriva-
tives were: vector, pMU575; rne+, pHYD5159; 493�, pHYD5158; 438�,
pHYD5157; 418�, pHYD5156 and 395�, pHYD5155. The value for vec-
tor in the rne+ strain (390 ± 22) is marked by the red horizontal line in
panel B.

cations beyond residues 493, 438 and 418, respectively (Fig-
ure 2A). In another experiment performed with multicopy
ASKA plasmid derivatives, we inferred that specific activ-
ities of 529� and 493� (following induction with 25 �M
IPTG) are similar to one another and ∼4-fold less than that
of wild-type RNase E (Supplementary Figure S1A).

The 395� construct, which was lethal at its chromoso-
mal locus, could confer viability when on the single-copy-
number plasmid. Since the rne gene on the chromosome is
positioned near the replication terminus region, we expect
the copy number for plasmid-borne rne to be around twice
that on the chromosome during exponential growth in LB
medium (71). The specific activity of 395� was at least 20-
fold less than that of the wild-type enzyme (Figure 2A), with
autoregulation then serving to buffer this reduction.

By performing rne-lac assays in strains that were rne+

on the chromosome, the dominant-negativity of the dif-
ferent plasmid-encoded RNase E variants was determined.
Each of the latter was expressed from Prne on the single-
copy-number plasmid, with full-length RNase E similarly
expressed serving as control (Figure 2B, the value for plas-
mid vector is shown by the red horizontal line).

With rne+ on the plasmid, there was an ∼3-fold reduc-
tion in rne-lac expression compared to the value for vec-

tor (which is consistent with the estimated plasmid gene
dosage of two per chromosomal copy of rne+, as mentioned
above). With rne-493� on the plasmid, rne-lac activity was
similar to that with vector alone, which we believe may re-
flect the opposing influences of additivity of enzyme ac-
tivity on the one hand and dominant negativity of 493�
on the other. With the more extensive truncations (438�,
418� and 395�), their dominant negativity was unambigu-
ous since rne-lac expression was significantly elevated over
that in the vector-bearing strain; these data are consistent
with earlier findings that C-terminal truncations of RNase
E are dominant negative (30).

We also examined the effects of ASKA-encoded 529�,
493� and 395� (induced with different IPTG concen-
trations) in the rne+ rne-lac strain (Supplementary Fig-
ure S1B). One can infer that all three variants are associ-
ated with lower RNase E activity than that obtained with
ASKA-encoded rne+. Furthermore, rne-lac expression was
moderately higher in the 493�-bearing derivative than in
that with 529� at all IPTG concentrations, which was sta-
tistically significant (P < 0.03, paired t-test); the implication
is that 493� is more dominant negative than 529�, which
is consistent with the finding of Baek et al. (50) that 499� is
less catalytically proficient than 529� (on sRNA-paired tar-
gets). As expected, 395� exhibited pronounced dominant
negativity, especially with 100 �M IPTG.

Our results therefore establish a correlation between in-
creasing lengths of RNase E truncation on the one hand
and progressive reductions in enzyme specific activity and
enhancements in dominant negativity on the other. The fact
that 395� is dominant negative indicates that it is proficient
for oligomerization in vivo.

Restoration of RNase E activity in vivo with pairs of individ-
ually inactive polypeptides

Luisi and coworkers had proposed that adjacent subunits in
the RNase E tetramer are separately responsible for RNA
5′-end sensing and cleavage (27,28), although more recent
models from their group (6,36) suggest that both occur
within a single subunit. We reasoned that if the former
model of cross-subunit catalysis is correct, then intragenic
or allelic complementation may be demonstrable; that is, a
pair of individually inactive polypeptides with substitutions
in the active site and 5′-sensor pocket, respectively, would in
combination be proficient for RNase E activity.

Accordingly, we tested derivatives in which polypeptides
with active site substitutions D303A or D346A on the one
hand and a 529� or 493� variant with R169Q substitu-
tion on the other were co-expressed. As noted above, each
of these by itself is lethal. The ‘blue-white’ screening assays
depicted in Figure 3 (panels i-iii) indicate that co-expression
of the polypeptide pairs restored viability. There was no vi-
ability when the R169Q and D303A/D346A substitutions
were present on the same polypeptide (Figure 3, panels iv–
v).

Rescue through such combined expression was observed
also in strains in which the D303A- or D346A-bearing
polypeptides (on either full-length RNase E or 493�) were
down-regulated because of a 15-bp deletion in the promoter
region of the ASKA plasmid vector (Supplementary Fig-
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Figure 3. Restoration of viability upon co-expression of pairs of lethal rne alleles (intragenic complementation). Blue-white screening assays were per-
formed with rne+ shelter plasmid in chromosomal �rne strains GJ12087 (panels i–v) or GJ16199 (panels vi–vii), in which pairs of RNase E variants were
co-expressed (or just one polypeptide with two substitutions as control) as indicated on the top of each panel. Representative images are shown, and
the percentage of white colonies to total for each panel is indicated as explained in the legend to Figure 1B. Plasmids employed for the different panels
were: i, pHYD5152 and pRne-SG21; ii, pHYD5152 and pHYD2379; iii, pHYD5151 and pHYD2379; iv, pHYD5165; v, pHYD5164; vi, pHYD5182 and
pHYD5168 and vii, pHYD5181 and pHYD5168. For panels i–v, the shelter plasmid was pHYD1613 and plates were supplemented with 10 �M IPTG;
for panels vi–vii, the shelter plasmid was the �lacY derivative pHYD5193 (for reasons explained in legend to Figure 1C) and IPTG supplementation was
at 100 �M.

ure S2, panels i–iv). Intragenic complementation with the
down-regulated promoter was successful even in strains that
were ppGpp0 (that is, �relA �spoT) and lacking RNase G
(Supplementary Figure S2, panels v–vi); both these pertur-
bations increase the stringency of RNase E essentiality in
E. coli (47).

Co-expression of a pair of individually inactive 395�
variants, one with R169Q and the other with either D303A
or D346A, was also associated with rescue of �rne lethality
(Figure 3, panels vi–vii). These data provide support for two
conclusions, that RNase E can act through a cross-subunit
mechanism of catalysis, and that 395� can oligomerize in
vivo.

In vitro confirmation of intragenic complementation in
RNase E

To test whether intragenic complementation could be repro-
duced in vitro, the cognate (His-tagged) RNase E polypep-
tides were overexpressed and purified (Figure 4A). The
enzyme assay was based on that described previously
(41), in which the substrate is a 13-mer fragment of the
ColE1 plasmid-encoded RNA-I (5′-monophosphorylated
and fluorescein-labelled at its 3′-end); it is cleaved by RNase
E to yield a fluorescent pentanucleotide product that is de-
tected following electrophoresis on denaturing polyacry-
lamide gels.

With both RNase E-493� and −395�, there was a time-
dependent increase in product formation (Figure 4B, lanes
2–4 and 5–7, respectively). No product formation was ob-
served with 395� variants bearing either D346A or R169Q
substitutions (Figure 4B, lanes 8–10 and 11–13, respec-
tively); in combination, however, the two polypeptides ex-
hibited substrate cleavage activity (Figure 4B, lanes 14–16).
Similar data were obtained in an independent experiment
(Supplementary Figure S3), which showed additionally that
395�-D303A is inactive but catalyzes time-dependent prod-
uct accumulation in combination with 395�-R169Q. Den-
sitometric analysis revealed that after 15 min, product yields

were around 20-fold higher in presence of 493�, 395�,
395�-D346A + 395�-R169Q, or 395�-D303A + 395�-
R169Q polypeptides compared to that upon addition of no
or any single inactive polypeptide, and that ∼25% of RNA
was cleaved in these reactions within this period.

Change in oligomerization status of RNase E-395� and -
493� in presence of RNA

The crystal structures of RNase E NTH (529�) reveal
it to be a homo-tetramer both in presence or absence of
RNA (27,28). Experiments of size-exclusion chromatogra-
phy have shown that (i) 529� is a tetramer (50,72,73); (ii)
499� is populated with less tetramers and an increase of
dimers and monomers, relative to 529� (50) and (iii) 395�
is a monomer (48).

On the other hand, our findings on dominant nega-
tivity and intragenic complementation strongly suggested
that 395� can assemble as hetero-oligomers. To reconcile
these conflicting conclusions, we reasoned that oligomeriza-
tion of RNase E variants with extended C-terminal trun-
cations (such as 395� or 493�) may be influenced by
their binding to RNA; accordingly, we undertook size-
exclusion chromatography experiments with these proteins
in presence and absence of RNA. The latter was a 5′-
monophosphorylated 13-mer (similar to that in RNA-I) but
bearing 2′-methoxy groups so that it could bind the protein
but not be cleaved, and has been described earlier (27).

The data from the chromatography experiments are pre-
sented in Figure 5. Since the column’s void volume was 4.7
ml, A280 peaks at elution volumes <1 ml (that is, in the
column flow-through) have not been taken into consider-
ation in the analysis below. In absence of RNA, the 395�
polypeptide eluted as a single sharp peak at 9.4 ml in pres-
ence of 100 mM NaCl (Figure 5B, black), and predomi-
nantly between 9 and 9.4 ml (as two overlapping peaks)
with 10 mM NaCl (Figure 5B, red); the size marker proteins
bovine serum albumin (66 kDa) and carbonic anhydrase
(29 kDa) eluted at 6.0 ml and 7.1 ml respectively (Figure
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Figure 4. In vitro reconstitution of intragenic complementation in RNase E. (A) Visualization by Coomassie blue staining of purified preparations of
RNase E variants following electrophoresis on SDS–10% polyacrylamide gel. Lane 1, molecular-weight standards; values (in kDa) for some of the bands
on this lane are indicated. (B) Determination of catalytic activity for RNase E variants singly and in combination. The proteins tested are indicated on top,
and each wedge represents increasing reaction times (5, 10 and 15 min) from left to right. For lanes 14 to 16, the polypeptides were pre-mixed immediately
before their addition to the reaction mixture. Positions of migration of 13-mer RNA substrate and 5-mer product, both fluorescein-tagged, are marked by
red and green arrowheads, respectively.

Figure 5. Size-exclusion chromatography of control proteins and of RNase E-395� and -493� variants in absence or presence of non-cleavable RNA. A280
elution profiles are shown, after normalization of each profile to its peak value (taken as 1). Description of input materials (and buffer condition changes,
if any) are given in the keys to individual panels. Insets to panels B and C depict normalized A280 elution profiles upon re-chromatography of the pooled
eluate fractions from, respectively: 8.3 ml to 9.8 ml of red trace in panel B, performed after addition of 10-fold excess of RNA; and 6.8 to 8.3 ml of black
trace in panel C. BSA, bovine serum albumin.

5A, red and green, respectively). We surmise that RNaseE-
395� elutes as a monomer [in agreement with Caruthers
et al. (48)], which apparently migrates more slowly than ex-
pected for its size. The more complex elution pattern for
395� in 10 mM NaCl could possibly be related to forma-
tion of protein aggregates that dissociate during the column
run.

We repeated the experiments after adding the 13-mer
non-cleavable RNA to the 395� preparation at 10:1 and
1:1 molar ratios (in buffer with 10 mM NaCl). At the 10:1
ratio, a majority of the 395� polypeptide eluted earlier
from the column as a peak at around 7.6 ml, with a small
residual at 9.2 ml (Figure 5C, black). With the lower mo-
lar ratio of added RNA, the elution trace was intermedi-



854 Nucleic Acids Research, 2020, Vol. 48, No. 2

ate to those without RNA and with RNA at 10:1 (Figure
5C, red). We interpret these findings as evidence for RNA-
facilitated dimerization of the 395� polypeptide. In a con-
trol experiment, addition of RNA to carbonic anhydrase (at
10:1 ratio) had no effect on the latter’s elution (Figure 5A,
black).

Two lines of evidence were obtained to show that the
slower elution profile for 395� during chromatography
in absence of RNA was not because of degradation of
the polypeptide. First, when fractions centred around the
overlapping peaks between 9 and 9.4 ml (for red trace of
Figure 5B) were pooled and electrophoresed on an SDS-
polyacrylamide gel, the protein’s mobility remained iden-
tical to that of 395� (Supplementary Figure S4, compare
lanes 2 and 3). Second, when these pooled fractions were
re-chromatographed after addition of RNA (in 10-fold ex-
cess), the protein now eluted faster, with peak at the 7.6-ml
position surmised for the dimer (Figure 5B, inset).

We also performed the reverse experiment of pooling
fractions encompassing the faster-eluting peak in presence
of RNA (that is, centred around 7.6 ml in black trace of Fig-
ure 5C) and re-chromatographing the protein in them. The
elution pattern (Figure 5C, inset) was now shifted towards
that for 395� with 1:1 RNA:protein, with the monomer
elution peak at around 9.4 ml becoming more prominent
than that at the 10:1 ratio. These results are consistent
with reversible RNA-dependent inter-conversion between
monomer and dimer species for the 395� protein, and fur-
thermore serve to confirm that the protein remained intact
during the chromatographic procedures in presence and ab-
sence of RNA.

With the 493� preparation as well, a prominent elution
peak at 9.2 ml in absence of RNA was advanced to 7.5 ml in
presence of 10-fold molar excess of the RNA substrate (Fig-
ure 5D, red and black, respectively), suggestive of RNA-
facilitated monomer-to-dimer conversion; once again as
with 395�, the 493� polypeptide in absence of RNA exhib-
ited some complexity in its elution at 10 mM NaCl. Over-
all, however, our results do suggest that oligomer assembly
in both RNase E-395� and −493� may be stabilized by
a cross-subunit mode of RNA binding to the protomers,
which would then be accompanied by the conformational
changes observed in structural studies upon RNA binding
to RNase E (27,28,74).

Active site and 5′-sensor mutations confer dominant negativ-
ity when they are present on RNase E polypeptides that are
�CTH

Mutations disrupting the active site in an oligomeric en-
zyme are expected to be dominant negative, on the ratio-
nale that the mutant polypeptides will act as subunit poi-
sons within the mixed oligomers (75,76). RNase E is un-
usual in that it is only its truncation mutants that are dom-
inant negative [(30), confirmed also in this study], whereas
inactive missense mutants in the full-length polypeptide are
not so (30).

We therefore asked whether the exhibition of dominant
negativity by lethal active-site or 5′-sensor RNase E sub-

stitutions might require the co-expressed ‘killer’ and target
polypeptides also to be CTH-truncated, and accordingly
undertook experiments in rne-lac derivatives in which the
chromosomal rne gene was truncated as to encode RNase
E-493�. For testing the 5′-sensor substitution (R169Q),
we used plasmids expressing RNase E-493� with or with-
out R169Q from the native promoter (along with the plas-
mid vector control); the results indicate that the 493�-
R169Q construct is associated with higher rne-lac expres-
sion than even that obtained with the vector (Figure 6A).
Similarly, the active-site substitution (D346A) was tested
with plasmids expressing either 493� or 493�-D346A from
an IPTG-inducible promoter; it was only for the 493�-
D346A construct that an IPTG-dependent increase in rne-
lac expression was observed, indicative of dominant neg-
ativity (Figure 6B). Thus, by employing a CTH-truncated
protein as sole source of functional RNase E, we could show
that co-expressed polypeptides with active-site or 5′-sensor
substitutions are dominant negative.

We also found that the hitherto known dominant negativ-
ity of CTH-truncated polypeptides over full-length RNase
E (30, and Figure 2B) is accentuated when the former also
carried active site or 5′-sensor substitutions; these experi-
ments were performed in an rne-lac derivative which was
chromosomally rne+, and expression of the CTH-truncated
variants without or with the active site/5′-sensor substitu-
tions (from either the native promoter or IPTG-inducible
promoter) was achieved from plasmids; the cognate plas-
mid vectors served as controls. Thus, expression from the
native promoter of 493�-R169Q was associated with higher
rne-lac expression compared to 493� or the vector (Sup-
plementary Figure S5A); and 493�-D346A expressed from
an IPTG-inducible promoter imposed dose-dependent in-
crease in rne-lac expression that was much higher than
that for 493� or the vector (Supplementary Figure S5B).
An R169Q substitution on 529� also conferred domi-
nant negativity in the rne+ strain to similar extent as did
493�-R169Q, with rne-lac values elevated above that in
the vector-bearing derivative (Supplementary Figure S5A).
These data therefore support the notion that the substitu-
tions in the CTH-truncated polypeptides are more domi-
nant negative over full-length RNase E than are the CTH
truncations themselves.

Similarly in the chromosomally rne+ rne-lac strain, we ex-
pressed from the ASKA derivatives (at progressively higher
levels) the 395� polypeptide as such, or with the active site
substitutions D303A or D346A. The active site substitu-
tion variants in 395� were more strongly dominant nega-
tive than 395� itself, as evidenced from the rne-lac expres-
sion values at 50 �M IPTG (Supplementary Figure S5C).
The growth rates of derivatives expressing 395� without or
with D303A or D346A were similar to one another and to
the vector (pCA24N)-bearing strain, with at best a marginal
decrease between 0 and 50 �M IPTG (Supplementary Ta-
ble S4); however, at 100 �M IPTG, the 395� derivative itself
continued to be viable but the strains expressing 395� with
the active site substitutions were sick and overpopulated by
suppressor mutants so that their rne-lac expression values
could not be ascertained.
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Figure 6. �-Galactosidase specific activity (Miller units) in rne-lac strains bearing rne-493� (A, B and E) or rne+ (C) on the chromosome, and in the
chromosomal rne+ proU-lac strain (D), upon expression of the indicated RNase E substitution variants from different plasmids. Red horizontal line in each
panel represents the value for the corresponding vector derivative (pWSK29 for panel A, and pCA24N for panels B–E). The key to each panel describes the
lac fusion, chromosomal rne genotype, and salient features of the plasmids used. IPTG concentrations used (in �M) for culture supplementation in panels B-
E are indicated. The growth medium for experiments with proU-lac fusion strains (panel D) was LB supplemented with 0.1 M NaCl. Strains employed were:
(A) GJ15070; (B and E) GJ15075; (C) GJ15074 and (D) GJ15077. Plasmids in the different derivatives were as follows. (A) Nil, pHYD5101; and R169Q,
pHYD2379; (B) 493�, pHYD5183; and 493�-D346A, pHYD5180; (C and D) Nil, pASKA-rne+; D303A, pHYD5152 and D346A, pHYD5151 and (E)
Nil, pASKA-rne+; D303A, pHYD5152; D346A, pHYD5151; R169Q + D303A, pHYD5165 and R169Q + D346A, pHYD5164.

Evidence for equivalent in vivo activities for a full-length
RNase E tetramer with one or four active polypeptides: re-
cessive resurrection

The results above showed that active site and 5′-sensor sub-
stitutions in CTH-truncated RNase E mediate subunit poi-
soning when hetero-oligomerized with functional RNase E
polypeptides (full-length or CTH-truncated). We next ex-
amined how these substitutions on a full-length polypep-
tide would affect enzyme activity in hetero-oligomers. We
accordingly measured the effects on rne-lac expression, in
a chromosomally rne+ strain, of increased production of
full-length RNase E polypeptides without or with the con-
cerned substitutions (achieved by 25 �M IPTG induction
from ASKA plasmid constructs). �recA derivatives were
used to ensure that the mutations could not revert to wild-
type through homologous recombination.

With the ASKA-rne+ plasmid, rne-lac expression was re-
duced upon IPTG supplementation, which is as expected
in light of RNase E autoregulation (Figure 6C, red bars).
Most unexpectedly, however, identical results were obtained

also with the ASKA plasmid derivatives encoding the active
site substitutions D303A or D346A on full-length RNase
E (Figure 6C, blue and green bars, respectively); we con-
firmed by PCR and DNA sequencing that the two cultures
indeed carried the cognate mutations (Supplementary Fig-
ure S6A). �-Galactosidase expression from a control lac
fusion [proU-lac, which ordinarily is osmotically regulated
(59)] was unaffected by overproduction of wild-type or the
mutant RNase E polypeptides (Figure 6D), indicating that
the observed effects were specific to rne-lac.

There is evidence to suggest that, at slow growth rates,
rne-lac expression may be lower than that predicted from
a simple model of its inverse proportionality with intra-
cellular RNase E activity (11); we therefore asked whether
the reduction in rne-lac expression in strains expressing the
polypeptides with active site substitutions might be an arte-
fact of decreased growth rate. However, there were no dif-
ferences in growth rates between the derivatives with ASKA
plasmid vector (pCA24N) on the one hand and constructs
expressing full-length RNase E without or with D303A or
D346A on the other, at 0 or 25 �M IPTG (Supplementary
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Table S4), which was consistent also with the qualitative as-
sessments on agar plates.

Therefore, these observations with overexpression of the
mutant genes indicated the opposite of a dominant nega-
tive effect and were counterintuitive, since they imply that
in vivo RNase E activity is enhanced upon co-expression
of enzymatically dead polypeptides. The following calcu-
lation provides an estimate of the magnitude of such an
effect. With wild-type rne+ on the ASKA plasmid and 25
�M IPTG, there is an approximate 3-fold decrease in chro-
mosomal rne-lac expression (relative to that in the vector-
bearing strain, Figure 6C); this would suggest a 2:1 ratio of
production in these cells of RNase E protomers from, re-
spectively, the ASKA plasmid and the chromosome (since
the fold-decrease in expression from chromosomal rne+is
expected to mirror that from rne-lac, with the balance of
RNase E polypeptides now being contributed from the
non-autoregulated ASKA-encoded gene so that the aggre-
gate number of homo-tetramers in the cell is constant). If
one assumes that this proportion is maintained with the
ASKA derivatives encoding the mutant polypeptides at 25
�M IPTG, then these cells will be populated with hetero-
tetramers in which the mutant to wild-type polypeptide ra-
tio is approximately evenly divided between 2:2 and 3:1 (in
addition to, an albeit minor, proportion of the catalytically
dead homo-tetrameric 4:0 species).

That there was equivalent induction by 25 �M IPTG
from the different ASKA plasmid constructs was tested by
comparison of cultures expressing the wild-type and one of
the mutant RNase E polypeptides (D303A), and the results
from the Western blotting experiment [performed using
anti-His antibody, since the proteins encoded by the ASKA
plasmid constructs carry N-terminal His-tags (55)], con-
firmed that this was so (Supplementary Figure S6B). Our
data therefore suggest that a full-length RNase E tetramer
in which only one (or two) of the polypeptides bears a
functional active site possesses the same endonucleolytic
activity in vivo as another in which the active sites of all
four polypeptides are functional, and we refer to this phe-
nomenon as recessive resurrection.

The (full-length) polypeptides with double substitutions
R169Q (5′-sensor pocket) and D303A or D346A (ac-
tive site) also elicited reduction in expression of rne-
lac with 25�M IPTG supplementation in the chromo-
somal rne+ strains (Supplementary Figure S5D). Even
when the polypeptide encoded on the chromosome was
RNase E-493�, IPTG-induced overexpression of full-
length polypeptides bearing the D303A or D346A substi-
tutions (with or without the R169Q substitution as well)
was correlated with reduced rne-lac expression, indicative
of increased in vivo RNase E activity under these conditions
(Figure 6E).

Given that recessive resurrection was observed with full-
length and not the CTH-truncated polypeptides, we asked
whether degradosome assembly on the CTH is contribut-
ing to the phenomenon. For example, it has been proposed
that RNase E-CTH and the degradosome serve as anten-
nae for binding to polysomes to mediate mRNA decay (77),
and that stabilization of hypomodified tRNAs in RNase E-
�CTH derivatives is because of a defect in degradosome
assembly (78). We measured rne-lac expression in a chro-

mosomal rne+ strain in which degradosome assembly was
abolished by loss of both RhlB and PNPase proteins, after
IPTG-induced overexpression from ASKA plasmids of full-
length RNase E without or with D303A or D346A substitu-
tions. Polypeptides with the active site substitutions elicited
the same magnitude of reduction in rne-lac expression as
did wild-type RNase E, indicative of recessive resurrection
(Supplementary Figure S5E); at the same time, the extent
of reduction (for all three overproduced polypeptides) was
less than that in the degradosome-proficient strain (com-
pare Figure 6C and Supplementary Figure S5E), which may
reflect the fact that the degradosome proteins are needed for
efficient cleavage of at least some RNA substrates by RNase
E (79,80).

Measurements of chromosomal rne+ expression by RT-qPCR

We then performed RT-qPCR experiments to directly deter-
mine changes in expression of the autoregulated chromoso-
mal rne+ gene, in derivatives that also carried the ASKA
plasmid constructs for RNase E or its variants (IPTG-
inducible and not autoregulated). For these measurements,
a part of the 5′-UTR of rne mRNA was chosen, since this re-
gion is encoded only by the native chromosomal rne+ gene.
The control region was taken from 16S rRNA, as had been
done also in an earlier RT-qPCR study to measure in vivo
RNase E activities (81).

Levels of rne 5′-UTR were measured in isogenic deriva-
tives carrying either plasmid vector pCA24N or ASKA con-
structs for full-length RNase E without or with the ac-
tive site substitutions D303A or D346A, after growth in
medium supplemented with 25 �M IPTG. Compared to
the level in the vector-bearing strain, overexpression from
the plasmid of wild-type RNase E was associated with a
1.9-fold reduction in mRNA from chromosomal rne+, in-
dicative of autoregulation; similar, statistically significant,
reductions were also obtained upon overexpression of full-
length RNase E with the D303A or D346A substitutions
(Figure 7).

DISCUSSION

Several thousand substrates for RNase E exist in bacteria
(43,79,82). By examining RNase E variants with C-terminal
truncations and active site or 5′-sensor pocket substitutions
(by themselves or in different combinations), we identified
two new features for this enzyme: intragenic complemen-
tation, and the ability of a full-length catalytically dead
polypeptide to offer complete functional co-operation in
vivo when co-expressed with wild-type RNase E (recessive
resurrection). On the other hand, active-site substitutions in
the CTH-truncated variants were dominant negative.

In several experiments, rne-lac expression was used as an
inverse proxy for in vivo RNase E activity. This notion is
so robustly supported by previous studies as to represent
the consensus (8,10–12,23,30,45,46,83,84). To this extent, it
has been stated that ‘[rne-lac] expression provides a simple
means to gauge the level of RNase E activity in the cell’
(30), and that ‘rne mRNA serves as a sensor for total cel-
lular RNase E activity’ (2). At the same time, we have also
validated a key finding by RT-qPCR experiments.
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Figure 7. Determination by RT-qPCR of 5′-UTR levels for mRNA ex-
pressed from chromosomal rne+ locus, after adjustment to 16S rRNA
levels in the preparations. Strains (MC4100 transformants with indicated
ASKA-derived plasmids) were cultured in LB with Cm and 25 �M IPTG.
Values (mean ± SE) are shown after normalization to that in the vector-
bearing derivative, taken as 1. Notations adjoining the overlines indicate P
values for statistical pair-wise comparisons by Student’s t-test, as follows:
**, <0.02; ***, <0.001 and ns, >0.5. Plasmids were: vector, pCA24N; rne+,
pASKA-rne; rne-D303A, pHYD5152; and rne-D346A, pHYD5151.

Intragenic complementation in RNase E

Intragenic or allelic complementation signifies that two
variants encoded by different alleles of a single gene are to-
gether able to restore function when neither variant by itself
is active (85,86). One possible mechanism is cross-subunit
catalysis, but other hypotheses include stabilization of en-
zyme structure and gene dosage effects.

In RNase E, an R169Q substitution in the 5′-sensor
pocket confers inviability when present on a CTH-
truncated polypeptide such as 529�, 493� or 395�, while
active site substitutions D303A or D346A are lethal in both
the full-length and CTH-truncated molecules. Through
both in vivo and in vitro experiments, we demonstrated com-
plementation between pairs of the mutant polypeptides.
These data provide support to the cross-subunit model
of RNase E catalysis (27). Given the similarity between
RNases E and G (31–34,48,49), it is likely that intragenic
complementation would occur in the latter.

Substitutions borne on RNase E-395� also exhibited
intragenic complementation (when the polypeptides were
overexpressed), and additional conditions which increase
the stringency of RNase E essentiality [such as RNase G
deficiency and ppGpp0 (47,87)] did not affect the outcome.
These results, as also the finding that 395� is dominant
negative, indicate that the 395� polypeptides can hetero-
dimerize.

The data from size-exclusion chromatography experi-
ments corroborate the findings of Caruthers et al. (48) that
395� elutes as a monomer. The polypeptide eluted at larger
size in presence of RNA, suggesting that it dimerizes upon
RNA binding. By a similar approach, we showed also that
dimerization of RNase E-493� is promoted by RNA bind-
ing.

A cartoon model in Figure 8 depicts the concepts of
RNA-facilitated oligomerization, cross-subunit catalysis,

and intragenic complementation with respect to the 395�
truncation in RNase E. It is likely that electrostatic and
other non-covalent interactions between the interfacing
large domains of two 395� polypeptides also contribute to
dimer stabilization.

Mechanistic role of the CTH for recessive resurrection in
RNase E

The fact that active-site substitutions are subject to reces-
sive resurrection when borne on full-length RNase E, but
are not so on CTH-truncated derivatives such as 493�,
suggests that the CTH is involved in mediating the phe-
nomenon. Although the CTH is dispensable for viability, it
does contribute to enzyme function in vivo (7,9,18,19,34,44–
47,77,83,88–90; and this study). The properties attributed to
the CTH include degradosome assembly (14–19,22), mem-
brane localization (20,21,23), RNA binding (18,19,24), and
association with other proteins and sRNAs (4,25,26). We
have shown that the capacity to augment RNase E activity
by overexpression of the mutant polypeptides is preserved
(to the same extent as equivalent overexpression of wild-
type RNase E) in strains lacking both PNPase and RhlB,
suggesting that degradosome assembly is not necessary for
recessive resurrection. However, any one or more of the
other functions attributed to the CTH may be responsible
for the phenomenon.

We propose that the CTH participates in a rate-
determining step of RNase E function that precedes RNA
5′-sensing and endonucleolytic cleavage by the NTH. One
possibility is that it traps and channels RNA to the NTH,
for subsequent steps of enzyme action. Thus, a relatively
slow rate of cleavage on account of only one or two ac-
tive protomers being present in the tetramer may have lit-
tle or no effect on overall enzyme activity. It is only in ab-
sence of the CTH that the number of active subunits in an
oligomer (tetramer or dimer) becomes important in deter-
mining the catalysis rate, and hence it is that active site mu-
tations elicit dominant negative phenotypes when they are
on CTH-truncated peptides. Jain et al. (30) had also pre-
viously proposed a role for the CTH in RNA binding and
presentation to the NTH.

The CTH of RNase E is less conserved than is the NTH
(91). In Caulobacter crescentus, as in E. coli, the CTH is
unstructured and binds RNA; however, unlike in E. coli,
the degradosome assembled on its CTH forms liquid-liquid
phase-separated condensates (92). In actinobacteria includ-
ing Streptomyces coelicolor and Mycobacterium tuberculo-
sis, RNase E does appear to assemble a degradosome but
the non-catalytic regions are shuffled with respect to the cat-
alytic domain (93–95).

Recessive resurrection as a novel genetic phenomenon

In simple genetic parlance, loss of function mutations are re-
cessive (to wild-type) while gain of function mutations are
dominant. Dominant negative mutations represent a special
category, in that they are loss of function mutations that act
by a subunit poisoning mechanism within oligomeric com-
plexes to confer a dominant phenotype (75,76).
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Figure 8. Cartoon to depict intragenic complementation by RNA-facilitated oligomerization and cross-subunit catalysis between a pair of RNase E-395�

polypeptides, one (A) with 5′-sensor (R169Q) and the other (B) with active-site (D346A) disruption.

Recessive resurrection refers to loss of function muta-
tions that become indistinguishable from the wild-type al-
lele in an heterozygous situation. The mutant polypeptides
in hetero-oligomeric complexes would thus appear to have
recovered full activity. A common mechanistic assumption
underlying dominant negativity and recessive resurrection
is that of random assembly of subunits into oligomers from
amongst the pool of co-expressed polypeptides.

Interestingly, RNase III of E. coli is an oligomeric en-
doribonuclease (dimer) with an N-terminal catalytic do-
main and a C-terminal domain that binds RNA but is dis-
pensable for catalytic activity (96,97). An RNase III hetero-
dimer of wild-type and catalytically inactive subunits was
reported to retain full activity (98), which if true would con-
stitute another example of recessive resurrection. However,
another group has claimed that substrate turnover rate for
the hetero-dimer is one-half that for the wild-type homo-
dimer (99). Furthermore, unlike in RNase E, the active site
substitution of RNase III is dominant negative (100).

It is likely that examples of recessive resurrection occur
in other systems. One approach to identify them in diploid
organisms may be to focus on genes that are known to dis-
play haploinsufficiency phenotypes (101–103), and then to
identify missense mutations in them which (i) lead to a loss
of function in the homozygote, and yet (ii) create no hap-
loinsufficiency defect in the heterozygous individual.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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