RNase Il regulates RNase PH and is essential for cell survival
during starvation and stationary phase
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ABSTRACT

RNase Il is the most active exoribonuclease in Escherichia coli cell extracts. Yet, its removal appears to have no deleterious effect
on growing cells. Here, we show that RNase Il is required for cell survival during prolonged stationary phase and upon starvation.
The absence of RNase Il leads to greatly increased rRNA degradation and to the accumulation of rRNA fragments, both of which
lead to a decline in cell survival. The deleterious effects of RNase Il removal can be completely reversed by the simultaneous
absence of a second exoribonuclease, RNase PH, an enzyme known to be required to initiate ribosome degradation in starving
cells. We have now found that the role of RNase Il in this process is to regulate the amount of RNase PH present in starving
cells, and it does so at the level of RNase PH stability. RNase PH normally decreases as much as 90% during starvation
because the protein is unstable under these conditions; however, in the absence of RNase Il the amount of RNase PH remains
relatively unchanged. Based on these observations, we propose that in the presence of RNase Il, nutrient deprivation leads to a
dramatic reduction in the amount of RNase PH, thereby limiting the extent of rRNA degradation and ensuring cell survival
during this stress. In the absence of RNase 1l, RNase PH levels remain high, leading to excessive ribosome loss and ultimately
to cell death. These findings provide another example of RNase regulation in response to environmental stress.
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INTRODUCTION (rRNA) metabolism as they participate in both rRNA matu-
ration and degradation (Basturea et al. 2011; Sulthana and
Deutscher 2013; Sulthana et al. 2016). Despite their impor-
tance, overproduction of these RNases, or RNases in general,
often can be deleterious to a cell as it may lead to degradation
of functionally important RNAs, which either are not pro-
tected or which become exposed under certain stress condi-
tions (Lehnik-Habrink et al. 2012; Arraiano et al. 2013;
Deutscher 2015a). Likewise, too little of a required RNase
can lead to poor adaptation to a particular stress. Based on
these considerations, it is becoming clear that RNases need
to be regulated (Deutscher 2015a) and that regulation of
RNases is particularly important in various stress situations.

Ribosomes are the protein-synthesizing machines of the
cell, and as such, they play a pivotal role in determining the
overall gene expression profile of the cell. Although generally
stable in growing E. coli cells, ribosomes can undergo degra-
dation under conditions of stress due to reduced translation
that increases the free subunit population, rendering them
susceptible to ribonucleases (Okamura et al. 1973; Cohen
and Kaplan 1977; Zundel et al. 2009). During starvation,
rRNA degradation is RNase PH dependent as this enzyme

Bacteria need to continually sense and respond to environ-
mental stress, and this requires gene regulation at both the
transcriptional and post-transcriptional levels. Ribonucleases
(RNases) play an important role in these responses inasmuch
as they participate in all aspects of RNA metabolism and con-
sequently are crucial for determining the intracellular levels
of RNA species (Bandyra and Luisi 2013; Hui et al. 2014;
Deutscher 2015b; Durand et al. 2015). Currently, close to
20 ribonucleases have been characterized in Escherichia coli,
among which are eight exoribonucleases, including six that
are hydrolytic and two that are phosphorolytic (Li and
Deutscher 2004 ).

RNase II, a 3’-5’ processive exoribonuclease, is the major
hydrolytic exoribonuclease, accounting for ~90% of the total
degradative activity in a cell extract (Nossal and Singer 1968;
Cheng and Deutscher 2002). RNase II is not essential for
normal growth in E. coli, but mutant cells lacking both poly-
nucleotide phosphorylase (PNPase) and RNase II are inviable
(Donovan and Kushner 1986), indicating that these two
RNases have significant functional overlap. It is known that
these enzymes, as well as the exoribonucleases RNase R and

RNase PH, are particularly important for ribosomal RNA
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Essential role of RNase Il for cell survival

initiates removal of nucleotides from the 3’ end of 16S rRNA
that ultimately leads to endonucleolytic cleavages by RNase E
and complete breakdown of rRNA (Basturea et al. 2011;
Sulthana et al. 2016). In addition, rRNA degradation is great-
ly affected by RNase II as its removal leads to as much as a
threefold increase in rRNA breakdown during starvation by
a heretofore unknown mechanism (Basturea et al. 2011).

RNase PH is a 3'-5" phosphorolytic exoribonuclease that
participates in the maturation of tRNA and degradation of
structured RNAs (Deutscher 1990; Jain 2012). In addition,
the enzyme was found to be beneficial for acquired stress re-
sistance in E. coli during laboratory selection (Herring et al.
2006; Conrad et al. 2009; Dragosits et al. 2013). In fact, dele-
tion of the rph gene was the most frequently observed muta-
tion during the laboratory evolution of E. coli cells over many
generations in minimal medium and under stress conditions.
However, why the absence of RNase PH would be beneficial
to cells under these conditions is still unknown. RNase PH is
also known to be absent in certain widely used E. coli K-12
strains, such as MG1655 (Jensen 1993), further emphasizing
that the enzyme is readily lost.

In this paper, we show that RNase PH is normally down-
regulated during stationary phase, and that this regulation is
important for maintaining the proper amounts of ribosomes
in stationary phase and upon starvation. Most interestingly,
we identify for the first time an essential function for
RNase II. Thus we find that the reduction in RNase PH levels
is regulated by RNase II. In its absence, the amount of RNase
PH remains high, leading to excessive ribosome degradation
and ultimately to cell death. In addition to identifying a novel
regulatory pathway, this work also may explain why deletion
of the rph gene occurs at such high frequency in laboratory
evolution experiments and why the absence of RNase PH is
beneficial under stress conditions.

RESULTS

Although ribosomes are stable in growing E. coli cells, they
may become substrates for degradation under conditions of
starvation when the need for functional ribosomes decreases.
In earlier experiments exploring the role of various RNases in
the degradative process (Basturea et al. 2011), we observed
that the absence of RNase II, a processive exoribonuclease,
led to a dramatic increase in acid-soluble material derived
from rRNA. Although that finding was not explored further
at the time, it implied that the presence of RNase II stabilized
rRNA, a counterintuitive suggestion. Here, we examine in
detail the basis for this unusual observation and explore
how RNase II affects rRNA degradation.

RNase Il is essential during stationary phase

To begin examination of the role of RNase II, we first deter-
mined the effect of its removal on the plating efficiency of
wild-type cells (MG1655*I") and their RNase II™ derivative

(MG1655*T"117) during growth in M9/glucose medium
and over several days in stationary phase at 31°C and 42°C.
Under these conditions, cells naturally depleted nutrients,
ultimately leading to a starvation condition. Plating efficiency
was determined at periodic intervals by plating on LB
medium plates at 37°C. As can be seen in Figure 1, which
represents a typical experiment, plating efficiency of the
wild-type strain was little changed over a period of 96 h at
either 31°C or 42°C, whereas cells lacking RNase II displayed
decreased plating efficiency such that by 96 h their plating
efficiency was substantially reduced. Although there was
some variation in the degree of reduction in plating efficiency
of the RNase II"™ cells, varying from 65% (one experiment at
31°C) to >95% (two experiments at both temperatures) in six
independent experiments, in most cases, the decrease was in
the range of 80%—-90%.
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FIGURE 1. Survival of wild-type and mutant cells during stationary
phase. WT, RNase II", RNase PH™, and RNase II” RNase PH™ strains
were continually grown in 50 mL M9/glucose media at either 31°C or
42°C. At regular time intervals, 2 mL of cultures were collected, two ap-
propriate sequential dilutions of cells in duplicate were spread on LB
plates, and viable cells (CFU) were determined after overnight incuba-
tion at 37°C. The data from one of the sequential dilutions at each
time point are presented as a percentage in which the time point with
the highest number of colonies was set at 100%. A representative exper-
iment from those repeated six times is shown.
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Importantly, there was no loss in the Agy of the RNase II™
cells during the course of growth, suggesting that they were
not lysing upon prolonged incubation; this conclusion was
supported by the fact that there was no loss of RNA from
the cells even though they were pelleted prior to RNA isola-
tion (see below). Also, incubation of the LB plates for as
long as 4 d did not lead to the appearance of any additional
colonies, indicating that the reduced plating efficiency of
the RNase II™ cells was not due to a delay in their ability to
form colonies. Based on these findings, we believe that the
reduced plating efficiency of the RNase II™ cells is due to a
loss of viability, and therefore, that RNase II is an essential en-
zyme for E. coli survival during prolonged stationary phase.

Previously, we found that another exoribonuclease, RNase
PH, was required to initiate rRNA breakdown during starva-
tion (Basturea et al. 2011). It therefore was of interest to
determine whether this enzyme also affected survival during
stationary phase. As can be seen in Figure 1, the absence of
RNase PH, by itself, did not affect the viability of cells at
any temperature. However, removal of RNase PH, in addi-
tion to RNase II, completely reversed the loss of viability
caused by the absence of RNase II. These findings suggest a
close functional relationship between the two exoribonu-
cleases that becomes evident as cells approach starvation.

RNase Il is also required during starvation at
elevated temperature

Inasmuch as natural depletion of nutrients is time con-
suming and impractical for routine experiments, we instead
used a starvation protocol that has been examined extensively
in our previous studies (Zundel et al. 2009; Basturea et al.
2011; Sulthana et al. 2016) for most of the remaining exper-
iments. Cells were initially grown in M9/glucose to early
exponential phase at 31°C and then rapidly starved by centri-
fugation and resuspension in medium lacking glucose.
Survival was determined by measurement of viable cells at
various times after the initiation of starvation at either 31°C
or 42°C (Fig. 2). At 31°C, both wild-type and RNase II™ cells
remained viable over a period of at least 20 h. In contrast, at
42°C, while wild-type cells remained viable, cells lacking
RNase II rapidly lost viability such that only ~30% remained
after 4 h and <10% were viable after 6 h of starvation. This
result indicates that, as in the natural depletion of nutrients
described above, the presence of RNase II is also required
for cell survival during starvation at higher temperature.
Another similarity between the natural depletion of nutri-
ents and starvation is that while the absence of RNase PH, by
itself, did not affect the viability of cells during starvation
at either 31°C or 42°C (Fig. 2), removal of RNase PH, in
addition to RNase II, completely reversed the loss of viability
caused by the absence of RNase II at 42°C. These findings
confirm that the relationship between RNase II and RNase
PH also extends to the starvation protocol at elevated temper-
ature. At present, we do not understand why removal of
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FIGURE 2. Survival of wild-type and mutant cells during starvation.
WT, RNase II”, RNase PH™, and RNase II” RNase PH™ strains were first
grown in M9/glucose media at 31°C to an Aggg of ~0.2, and then sub-
jected to starvation in M9 salts at either 31°C or 42°C as described in
Materials and Methods. At regular time intervals, appropriate sequential
dilutions of cells in duplicate were spread on LB plates and viable cells
(CFU) were determined after overnight incubation at 37°C. Data are
presented as a percentage in which the zero time of starvation was set
at 100%. A representative experiment from those repeated two or three
times is shown.

RNase II does not lead to inviability during starvation at
31°C, but we assume it is because certain structural alter-
ations in the ribosome that occur during prolonged station-
ary phase or starvation at 42°C do not occur during the rapid
starvation protocol at the lower temperature. Nevertheless,
these findings indicate that the starvation protocol at elevated
temperature may serve as a useful alternative to the natural
depletion of nutrients.

RNase Il affects rRNA degradation during starvation
and stationary phase

In earlier experiments (Basturea et al. 2011), we found that
the absence of the processive exoribonucleases RNase II
and RNase R or RNase II, RNase R and PNPase, during star-
vation led to the accumulation of fragments derived from 16S
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and 23S rRNAs, indicating that the RNases are required for
removal of these degradation intermediates. We also made
the unexpected observation (Basturea et al. 2011) that during
starvation the absence of RNase II substantially increased the
total amount of acid-soluble material derived from rRNA,
suggesting that RNase II somehow affected overall rRNA deg-
radation. In view of the findings presented above that remov-
al of RNase II has profound effects on the survival of cells
during starvation and stationary phase, it was of interest to
reexamine rRNA metabolism under these conditions in cells
lacking only RNase II.

Wild-type and RNase II™ cells were grown at 31°C to early
exponential phase and then either starved (—glucose) or al-
lowed to grow (+glucose) for 4 h at 42°C. Total RNA was iso-
lated and analyzed by gel electrophoresis (Fig. 3A). In wild
type, only 16S and 23S rRNAs were observed, both in grow-
ing cells (lane 1) and in those undergoing starvation (lane 2).
In the RNase II” strain, growing cells contained only full-
length rRNAs (lane 3); however, during starvation, a 16S*

A
238
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0 42 31 0 42 31
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FIGURE 3. Degradation of rRNA during starvation. (A) WT and RNase
II™ cells were first grown in M9/glucose at 31°C to an Aggo of ~0.2 and
then either starved of glucose for 4 h (—g) or grown in the presence of
glucose for 4 h (+g) at 42°C, as described in Materials and Methods.
Cells were collected by centrifugation, and total RNA was extracted
and resolved by Synergel/agarose gel electrophoresis, as described in
Materials and Methods. The gel was stained with ethidium bromide
and visualized by UV irradiation. (B) RNase II” or RNase II” RNase
PH™ cells were first grown in M9/glucose at 31°C to early exponential
phase (zero time) and then starved of glucose for an additional 4 h
(—glucose) at either 42°C or 31°C. Total RNA was extracted and resolved
by Synergel/agarose gel electrophoresis followed by ethidium bromide
staining.

band, slightly shorter than 16S rRNA, and fragments between
16S and 23S RNAs, also were observed (lane 4 and Fig. 3B,
lane 2). These findings suggest that RNase II, by itself, is
a major contributor to the removal of rRNA fragments
during starvation, and that in its absence such intermediates
accumulate.

To further examine the role of RNase II, we also deter-
mined the effect of starvation temperature and the influence
of RNase PH in an RNase II™ background. While fragments
accumulated in RNase PH™ cells at 42°C (Fig. 3B, lane 2 and
as already noted above), few fragments were present at 31°C
(Fig. 3B, lane 3). In contrast, there was no degradation in the
strain lacking RNase PH, even at 42°C (Fig. 3B, lane 5). These
findings agree with our previous data indicating that rRNA
degradation during starvation in cells lacking multiple exo-
ribonucleases is dependent on RNase PH (Basturea et al.
2011; Sulthana et al. 2016), but the data presented here ex-
tend the requirement for RNase PH to cells lacking just
RNase II. Moreover, based on these results, it is clear that
the effect of RNase II removal on rRNA degradation closely
mirrors what was found for cell viability (Fig. 2), suggesting
that the findings are likely to be related.

As noted above, rapid starvation is quite different than
the natural depletion of nutrients that occurs as cells enter
stationary phase. In the latter process, morphological and
physiological changes occur associated with changes in the
expression of many stress-related genes. As a consequence,
there are alterations in ribosome structure and in enzymes
that act on ribosomes that do not occur when cells are rapidly
put into starvation mode. Therefore, to examine the effect of
RNase II removal on rRNA under these conditions, we isolat-
ed RNA at intervals from various strains grown at 31°C and
42°C for up to 96 h.

As shown in Figure 4, rRNA is essentially stable in wild-
type and RNase PH™ cells during this entire period at both
incubation temperatures. On the other hand, there is a signif-
icant reduction in rRNA in RNase II™ cells by 48 h, and
almost all of the rRNA is degraded by 96 h at both 31°C
and 42°C. These observations indicate that the absence of
RNase II leads to extensive degradation of rRNA during
stationary phase of E. coli. Moreover, removal of RNase PH
largely reverses this degradation, again confirming that
rRNA degradation upon nutrient depletion does not occur
in the absence of RNase PH. Taken together, these findings
reveal a high degree of similarity between the breakdown of
ribosomes in RNase II™ cells and their loss of viability during
stationary phase. They also show that the rapid starvation
protocol is a convenient experimental model for what occurs
naturally during the prolonged stationary phase.

RNase Il action does not require membrane association

It has been suggested that RNase II organizes into structures
that coil around the E. coli cell periphery, and that RNase II
is associated with the cytoplasmic membrane through its
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FIGURE 4. Degradation of rRNA during extended stationary phase.
WT, RNase II", RNase PH™, and RNase II” RNase PH™ cells were grown
in 50 mL M9/glucose at either 31°C or 42°C, and sample volumes cor-
responding to an equal number of cells were taken every 24 h. Cells were
collected by centrifugation, and total RNA was extracted and resolved by
Synergel/agarose gel electrophoresis, as described in Materials and
Methods. The gel was stained with ethidium bromide and visualized
by UV.

amino-terminal amphipathic helix (Lu and Taghbalout
2013). It was also suggested that these higher-order structures
and the membrane association are required for the normal
functioning of RNase II within the cell. If so, we reasoned
that preventing RNase II association with the membrane
might be akin to removing RNase II, leading to an accumu-
lation of rRNA fragments and an increase in rRNA degrada-
tion during starvation. To test this idea, we deleted the first 19
residues of RNase II that are required for anchoring it to the
membrane (Lu and Taghbalout 2013) and determined its
effect on rRNA degradation. As can be seen in Figure 5, the
RNase II (A19) strain behaves like wild type with regard to
accumulation of rRNA fragments. Thus, the role of RNase
IT in rfRNA metabolism is not compromised by removal of
its putative anchor to the membrane.

RNase Il regulates the level of RNase PH

The data presented to this point suggest a functional relation-
ship between RNase II and RNase PH. In wild-type cells,
RNase II appears to down-regulate rRNA degradation during
nutrient deprivation since when it is removed, degradation
increases substantially (Basturea et al. 2011) and rRNA frag-
ments accumulate (Fig. 3). However, these effects disappear
when RNase PH is also absent (Fig. 3B; Basturea et al.
2011). Inasmuch as the action of RNase PH is known to be
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important for initiation of rRNA degradation (Basturea
et al. 2011; Sulthana et al. 2016), these data support a mech-
anism in which RNase II negatively affects the action of
RNase PH on rRNA. One possibility consistent with such a
mechanism is that the level of RNase PH is tightly regulated
during starvation to avoid too much degradation of rRNA,
and that RNase II plays a role in this regulation.

To test this hypothesis, a 2x Flag tag was fused to the N ter-
minus of RNase PH in the chromosomal rph gene, and the
amount of RNase PH present in cells grown under a variety
of conditions was determined by immunoblotting using an-
tibody directed against the Flag tag. As shown in Figure 6A,
the level of RNase PH in wild-type cells was unaffected at
31°C during growth or during starvation. In contrast, the
amount of RNase PH decreased substantially during starva-
tion at 42°C compared to the levels prior to the starvation
period, while the change in growing cells was relatively
minor. On the other hand, the level of RNase PH was rela-
tively unchanged in the RNase II™ strain in either growth
condition.

A more detailed examination of the time course of RNase
PH disappearance in wild-type cells is shown in Figure
6B. RNase PH levels were down-regulated as much as 90%
during 3 h of starvation, whereas under the same conditions,
there was only a minimal change in the amount of RNase PH
when RNase II was absent. These data show directly that
RNase II is required for the down regulation of RNase PH.
Inasmuch as RNase PH is important for the initiation of
rRNA degradation during starvation, these data also suggest
that elevation of RNase PH provides a reasonable explanation
for the enhanced rRNA degradation and decreased cell sur-
vival observed in the RNase II” background under starvation
conditions.

16S
16S*

FIGURE 5. Effect of membrane-anchoring domain of RNase II on
rRNA degradation during starvation. WT, RNase II”, and RNase II
(A19) cells were first grown in M9/glucose at 31°C to early exponential
phase and then starved of glucose for 4 h at 42°C. Cells were collected by
centrifugation, and total RNA was extracted and resolved by Synergel/
agarose gel electrophoresis, as described in Materials and Methods.
The gel was stained with ethidium bromide and visualized by UV.



Essential role of RNase Il for cell survival

A WT -
31°C 42°C 42°C
0 +g 9 +g 9 0 +g -9
| c— | — —
1.0 1.0 1.1 0.7 0.3 1.0 0.8 0.8
42°C
B WT -
Time(h) 0 1 2 3 0 1 2 3
I — - —— ——— S
1.0 0.8 0.4 0.1 1.0 1.1 1.0 0.8

FIGURE 6. RNase II regulates the level of RNase PH during starvation. (A) WT and RNase 1T~
cells containing the 2x Flag rph gene were first grown in M9/glucose at 31°C to early exponential
phase (zero time) and then either starved of glucose for 2 h (—g) or grown in the presence of glu-
cose for 2 h (+g) at 31°C or 42°C. Cells were collected by centrifugation, lysed, and then analyzed
by immunoblotting using anti-Flag monoclonal antibody. Shown is a representative gel from an
experiment carried out three times with essentially identical results. The amount of total RNase
PH at zero time for each cell was set at 1.0. (B) Cells were grown at 31°C to early exponential phase
(zero time) and then subjected to glucose starvation at 42°C for the indicated times. Cells were
treated and RNase PH analyzed as in A. Shown is a representative gel from an experiment carried
out twice with essentially identical results. The amount of total RNase PH in each cell at zero time
was set at 1.0.

measured the levels of rph transcripts
in wild-type and RNase II" cells under
+glucose and —glucose conditions
using RT-PCR. Total RNA was isolated
from wild-type and RNase II" cells and
c¢DNA was synthesized using rph gene-
specific primers. The cDNA was then
amplified by PCR, and the amounts of
products were compared during the
exponential phase of the PCR before
reaction components became limiting.
Based on this initial analysis (Fig. 7A),
no difference was observed between
wild-type and RNase II™ cells in the
amount of rph mRNA, suggesting that
the amount of RNase PH is not regulated
at the mRNA level.

Consequently, we focused attention on
the stability of RNase PH itself. RNase
PH stability was measured in wild-type
cells in the presence or absence of
glucose. Cells were treated with chloram-
phenicol to inhibit new protein synthesis,
and the amount of RNase PH present was
determined by immunoblotting. The
data in Figure 7B reveal that at 31°C the
amount of RNase PH remained constant

Regulation of RNase PH occurs at the level in either the presence or absence of glucose. In contrast, at
of protein stability 42°C, while RNase PH was relatively stable in growing cells,

it was unstable during starvation, decreasing 70% in 1 h
To gain additional insight into how RNase II affects the  (Fig. 7B). Inasmuch as RNase PH levels remain relatively cons-
amount of RNase PH present during starvation, we first  tant in RNase II™ cells (Fig. 6B), its stability was not examined

A
B 31°C

+glucose -glucose +glucose
Time (min) 30 60 0 30 60 0 30

1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.9

60

42°C

-glucose
0 30 60

—-—-——‘

0.8 1.0 0.7 0.3

FIGURE 7. RNase II regulation of RNase PH occurs post-transcriptionally. (A) RNase PH transcript analysis by RT-PCR. WT and RNase IT™ cells
were first grown in M9/glucose at 31°C to early exponential phase (zero time), and then either starved of glucose for 2 h (—g) or grown in the presence
of glucose for 2 h (+g) at 42°C. Total RNA was isolated and first-strand cDNA synthesis followed by PCR amplification was carried out using rph gene-
specific primers, as described in Materials and Methods. Triplicate RT (+RT) reactions were performed along with reactions in which the reverse
transcriptase was omitted (—RT) to enable assessment of genomic DNA contamination in each sample. (B) Stability of RNase PH during starvation.
WT cells were first grown in M9/glucose at 31°C to early exponential phase (zero time), treated with chloramphenicol, and either starved of glucose
(—g) or incubated with glucose (+g) at 42°C. Cells were collected at 30 and 60 min, lysed, and then analyzed by immunoblotting using anti-Flag mono-
clonal antibody. Shown is a representative gel from an experiment carried out twice with essentially identical results. The amount of RNase PH at zero

time of chloramphenicol addition was set at 1.0 under each condition.
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in that genetic background. These data indicate that RNase PH
undergoes rapid turnover when cells are starved at 42°C, and
taken together with the information presented in Figure 6,
strongly suggest that RNase II plays an important role in the
instability of RNase PH under these conditions.

DISCUSSION

The information presented here provides the first evidence that
the processive exoribonuclease, RNase 11, is essential for E. coli
survival during starvation and prolonged stationary phase. In
its absence, starved cells die rapidly, while cells in stationary
phase lose viability at a more gradual pace as they are depleted
of nutrients. Although RNase II is the most active hydrolytic
exoribonuclease in E. coli (Deutscher and Reuven 1991), until
now it was not thought to have an essential function.
However, based on this new data, it is clear that no other
RNase can substitute for RNase II to maintain cell survival
during nutrient deprivation. Whether RNase II has a similar
function under other stress conditions is not yet known.

In earlier work (Basturea et al. 2011), we had made the
puzzling observation that the absence of RNase II in starving
cells led to a dramatic increase in the amount of acid-soluble
material derived from RNA, implying greatly increased rRNA
degradation. While the explanation for this counterintuitive
finding was not understood, it nevertheless focused our
attention on the role of RNase II in rRNA degradation. As
we have now found, not only does the absence of RNase II
lead to enhanced overall degradation, it also results in the
accumulation of rRNA fragments that are known to promote
the loss of cell viability (Cheng and Deutscher 2003). Taken
together, these findings provide a reasonable explanation for
how the absence of RNase II leads to cell death.

However, this is only part of the story since the deleterious
consequences of the lack of RNase II can be reversed by also
removing RNase PH. Thus, when both RNase II and RNase
PH are absent, cells remain viable during starvation and
prolonged stationary phase, and rRNA fragments do not
accumulate. These findings support the connection between
rRNA fragment accumulation and decreased cell survival.
They also implicate RNase PH in the process and suggest
that the effects of RNase II removal act through RNase
PH. We found previously that rRNA degradation during
starvation is initiated by RNase PH action at the 3’ end of
16S rRNA, and that little degradation occurs in the absence
of RNase PH (Basturea et al. 2011; Sulthana et al. 2016). As
a consequence, RNase II cannot exert its effect on rRNA deg-
radation when RNase PH is absent and there is little degrada-
tion to begin with. This, of course, raised the question of how
RNase II affected RNase PH action on rRNA.

Most importantly, the work presented here revealed that
RNase II regulates the amount of RNase PH present during
starvation, and that in turn modulates rRNA degradation.
This finding adds to the growing list of RNases that are reg-
ulated under a variety of stress conditions (Deutscher 2015a)

1462 RNA, Vol. 23, No. 9

and emphasizes that RNase regulation is an important factor
to consider in studies of RNA metabolism under stress con-
ditions. Microbes live under conditions of constant environ-
mental fluctuation and they are able to sense and respond
to environmental stress, which is critical to their survival.
The long-term adaptation of E. coli to various stresses has
been studied in the laboratory and has provided information
regarding mutations that favor bacterial growth under
such conditions (Herring et al. 2006; Conrad et al. 2009;
Dragosits et al. 2013). Interestingly, one of the most frequent
mutations found in these adaptation experiments is in rph,
encoding RNase PH. This mutation proved advantageous
to stressed cells and enabled increased growth; however, the
mechanism by which such a mutation facilitated growth
was not understood. This work provides a possible explana-
tion since ribosomes would be protected from their usual
degradation in the absence of RNase PH. Surprisingly,
RNase 1II activity also decreases under certain stress condi-
tions (Cairrdo et al. 2001; Song et al. 2016). We presume
that in these instances either sufficient RNase II activity re-
mains to regulate RNase PH or that RNase II protein rather
than RNase II activity may be the important effector.

Based on the findings presented here, we propose that in
wild-type cells the presence of RNase II leads to a reduction
of RNase PH upon nutrient deprivation, thereby limiting the
initiation of ribosome degradation and maintaining cell sur-
vival. In contrast, in cells lacking RNase II, RNase PH levels
remain high, leading to excessive ribosome turnover and
ultimately to cell death. At present, we do not fully under-
stand how RNase II controls the amount of RNase PH.
Our data thus far indicate that the regulation occurs at the
level of RNase PH stability and that it is triggered in non-
growing cells. Inasmuch as RNase II action would be expect-
ed to be on RNA, these findings raise the possibility that an
RNA molecule could be involved in RNase PH turnover.
However, further work will be necessary to fully unravel
this interesting regulatory process.

MATERIALS AND METHODS

Materials

Oligonucleotide primers were synthesized and purified by Sigma
Genosys. M-MuLV reverse transcriptase and Taq DNA polymerase
were purchased from New England Biolabs, Inc. Goat anti-mouse
IgG-HRP was from Santa Cruz Biotechnology, Inc. Monoclonal
anti-Flag M2 antibody produced in mouse and all other reagent
grade chemicals were obtained from Sigma-Aldrich.

Bacterial strains

E. coliMG1655*(seq) I, which is RNase PH", was considered to be
wild type for this study; MG1655 I is the RNase PH™ counterpart
(Basturea et al. 2011). These are the recipient strains into which the
RNase II mutation was introduced by P1 transduction (Yancey and
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Kushner 1990; Basturea et al. 2011). DNA encoding the 2x Flag
sequence was fused to the N terminus of the chromosomal rph
gene following a previously published recombineering protocol
(Datsenko and Wanner 2000) using oligos PHFP (5 GGAAGTCC
GTATAATGCGCAGCCACATTTGTTTCAAGCCGGAGATTTCAA
TGTGTAGGCTGGAGCTGCTTC-3') and PHRP (5CAGGGTAA
CGGGACGCACCTGATTATTGCTACGGCCTGCTGGACGCTTG
TCATCGTCATCCTTGTAATCGATATCATGATCTTTATAATCC
ATATGAATATCCTCCTTA-3’). Recombinants were selected
on LB-kanamycin plates and were confirmed by PCR using prim-
ers PFP (5'-AGGATAGGAATAACCGCC-3’) and PRP (5-AGGC
GGTACACAACACTTTGG-3'). The kanamycin resistance cassette
was removed by plasmid pCP20 (Cherepanov and Wackernagel
1995), and the resulting gene fusion construct was confirmed
by DNA sequencing. The 19 N-terminal amino acid residues of
RNase II were mutated as explained above using primers RFP
(5'-AGATTCGCGTAAAACTGTCAGCCGCTCTAATGGCCACC
AAAATAGACAATTG TGTAGGCTGGAAGCTGCTTC-3") and RRP
(5GCCAAAGCCTTTTTCTGTGGCTTTTACCACCCCTTCAGCG
CGTGGCATATGAATATCCTCCTTA-3'). Antibiotics, when pres-
ent, were at the following concentrations: kanamycin, 50 pg/mL;
ampicillin, 100 ug/mL; chloramphenicol, 34 ug/mL.

Growth conditions

For starvation experiments, cultures were initially grown in 50 mL of
M9 minimal medium containing 0.4% glucose at 31°C to an Agpy of
0.2. Cells were collected by centrifugation for 15 min in a Sorvall
S§S34 rotor at 7000 rpm. The cell pellet was washed twice with M9
salts to remove glucose and resuspended in 50 mL of M9 salts.
One 20 mL portion was taken and incubated with shaking at either
31°C or 42°C in the absence of any carbon source for 4 h (starvation
sample). A second 20 mL portion supplemented with 0.4% glucose
was incubated for 4 h at either 31°C or 42°C. The remaining 10 mL
were retained as zero time controls. For stationary phase experi-
ments, cultures were grown in 50 mL of M9 minimal medium con-
taining 0.4% glucose at 31°C or 42°C, and samples were harvested
and analyzed every 24 h.

RNA electrophoresis

For the RNA degradation experiments, an equal number of cells
(measured by absorbance at 600 nm) were taken at regular intervals
of time as described above and centrifuged at 5000 rpm for 5 min.
Total RNA was extracted from these cells by hot phenol/chloroform
treatment and precipitated with ethanol (Huang and Deutscher
1992). The RNA was dissolved in 20 pL of DEPC-treated water
and 2 to 10 pL were separated by Synergel/agarose gel electrophore-
sis as previously described (Wachi et al. 1999), using 0.9% Synergel
and 0.7% agarose in 0.5X TBE (45 mM Tris-borate, 1 mM EDTA,
pH 8.0). Gels were stained with 1 mg/mL ethidium bromide and
photographed under UV irradiation at 254 nm.

Measurement of RNase PH stability and Western
blot analysis

Cells were grown in M9 minimal medium containing 0.4% glucose
to an Agpp of ~0.3. A portion of the culture was collected as the zero

time point and chloramphenicol was added to the remaining cul-
ture. Cells were collected at the indicated times, lysed by sonication
(Chen and Deutscher 2005), and assayed by immunoblotting to
determine the amount of RNase PH remaining using anti-Flag
M2 mAbs (1:1000 dilution).

RT-PCR analysis

Total RNA was extracted from cells and 2 pg were used for first-
strand ¢cDNA synthesis by M-MuLV reverse transcriptase in the
presence of primer PRP2 (5 CAATGGATTCGATTCCCCTCG-3').
RT-PCR analysis was performed using Taq DNA polymerase and
PFP2 (5'-GTTTGCGATCTGGAATACGTTGAA-3") and PRP2 as
primers.
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