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ABSTRACT

RNase Il, a 3’ to 5’ processive exoribonuclease, is
the major hydrolytic enzyme in Escherichia coli ac-
counting for ~90% of the total activity. Despite its
importance, little is actually known about regula-
tion of this enzyme. We show here that one residue,
Lys501, is acetylated in RNase Il. This modification,
reversibly controlled by the acetyltransferase Pka,
and the deacetylase CobB, affects binding of the
substrate and thus decreases the catalytic activity
of RNase Il. As a consequence, the steady-state level
of target RNAs of RNase Il may be altered in the cells.
We also find that under conditions of slowed growth,
the acetylation level of RNase Il is elevated and the
activity of RNase Il decreases, emphasizing the im-
portance of this regulatory process. These findings
indicate that acetylation can regulate the activity of
a bacterial ribonuclease.

INTRODUCTION

Ribonucleases (R Nases) play important roles in essentially
all aspects of RNA metabolism including maturation of
RNA precursors, turnover of mRNA, quality control of
stable RNAs and degradation of stable RNAs under stress
conditions (1-5). As components that rapidly modulate the
level of RNAs, the expression of RNases must be tightly
controlled so that cells can quickly respond to environmen-
tal changes. However, despite its importance, relatively little
is known about the mechanisms of this control or how such
changes might be regulated. One RNase known to be reg-
ulated is Escherichia coli RNase II, whose levels decrease
dramatically under a variety of stress conditions, such as

slowed growth and nitrogen deprivation (6). RNase I is a
ubiquitous, processive exoribonuclease that degrades RNA
in the 3’ to 5 direction releasing 5 -nucleotide monophos-
phates (7,8). This protein, encoded by rnb gene, is the ma-
jor hydrolytic enzyme in E. coli, accounting for 90% of the
exoribonucleolytic activity in cell extracts (9,10). Hence, its
regulation may be important for a cell’s response to stress
conditions. Based on these considerations, understanding
the mechanisms by which RNase 11 is regulated is of con-
siderable interest.

The expression of RNase II can be controlled at dif-
ferent levels. Earlier studies showed that RNase II is ex-
pressed from two different promoters, P1 and P2 (11), sug-
gesting transcriptional regulation of this protein. Inacti-
vation of some ribonucleases, including RNase E, RNase
III and PNPase, leads to altered levels of RNase 1I (12).
In fact, RNase II levels can vary over a 5-fold range de-
pending on the amount of PNPase present in the cell. Cells
overproducing PNPase decrease rnb mRNA and RNase 11,
whereas cells deficient in PNPase have an increased amount
of RNase II (13). The stability of RNase II is also post-
translationally regulated. Deletion of a gene, termed gmr,
which lies downstream of rnb, dramatically increases the
stability and amount of this protein (6). Moreover, RNase 11
was shown to be associated with the cytoplasmic membrane
through its NH,-terminal amphipathic helix, and this inter-
action is critical for the viability of the cells in the absence of
PNPase (14). Recently, several proteomics studies included
RNase II among over 782 acetylated proteins in exponen-
tial phase E. coli cells grown in rich or minimal medium
(15-17). However, to date, the mechanism and role of this
post-translational modification remain elusive.

Here, we show that RNase II is acetylated on at least one
residue, Lys501, which is close to the catalytic center bind-

*To whom correspondence should be addressed. Tel: +86 532 8608 0290; Fax: +86 532 8608 0290; Email: wliangl @qau.edu.cn

© The Author(s) 2016. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com

220z 1snbny 0z uo 1sanb Aq 0625912/6.61/S/v /@01 eu/wod dno-olwapeoe//:sdiy woly pspeojumoq



1980 Nucleic Acids Research, 2016, Vol. 44, No. 5

ing the first few 3’ nucleotides of the substrate. Addition of
an acetyl group to Lys501 leads to decreased substrate bind-
ing and catalytic activity of this enzyme. Post-translational
modification of RNase II is reversibly controlled by the ace-
tytransferase and deacetylase pair, Pka and CobB. Impor-
tantly, we find that under slowed growth conditions, the
acetylation level of RNase II is elevated and elimination of
this modification alters the growth rate of the cells possi-
bly by affecting the degradation of ribosomal RNAs, con-
firming its physiological relevance. These findings provide
a clear example in which acetylation regulates the activity,
but not the stability, of an RNase in bacteria.

MATERIALS AND METHODS
Materials

Anti-FLAG M2 mAb, Anti-FLAG M2 Affinity Gel, FLAG
peptide, trichostatin A (TSA) and nicotinamide (NAM)
were from Sigma. Acetylated-lysine mouse mAb was pur-
chased from PTM Biolabs. [5—*H]J-uridine was purchased
from PerkinElmer Life Sciences. His-probe (H3) mono-
clonal antibody and anti-mouse IgG HRP conjugate were
obtained from Santa Cruz Biotechnology. RNeasy mini
kit was from Qiagen. M-MLYV reverse transcriptase and
RNasin were from Promega. Protease inhibitor cocktail was
purchased from Calbiochem.

Preparation of RNase II mutant strains

Escherichia coli K12 strain MG1655(Seq)rph™ and its
derivatives lacking RNase I, Pka or CobB were obtained
from Dr. Kenneth Rudd, University of Miami (18). DNA
encoding the 2xFLAG sequence was fused to the N-
terminus of chromosomal RNase II following a previously
published recombineering protocol (19) using oligos R1 and
R2 (Supplementary Table S1). Recombinants were selected
on LB-kanamycin plates. The kanamycin resistance cassette
was removed by plasmid pCP20 (20). Site-directed mutage-
nesis of RNase II lysine501 to arginine or glutamine in the
chromosome was performed with oligos R3 and R4 (Sup-
plementary Table S1), respectively, using a previously de-
scribed protocol (21). All recombinants were selected by
polymerase chain reaction (PCR), and the resulting gene
mutations were confirmed by DNA sequencing.

Cells were grown at 37°C in liquid culture in YT medium
or M9-glucose medium. Antibiotics, when present, were at
the following concentrations: kanamycin, 50 pwg/ml; ampi-
cillin, 100 pg/ml; chloramphenicol, 34 pg/ml. Exponential
phase cells were collected at an Assy of ~0.3. For deacety-
lase inhibitor treatment, 10 pl of overnight grown culture
was inoculated into 10 ml of YT medium and TSA and
NAM were added to final concentrations of 0.5 mM and
5 mM, respectively. The cultures were grown at 37°C to an
Assg of ~0.3 and then harvested.

Pulldown of RNase I1

Cells were disrupted in binding buffer (50 mM Tris—HCI,
pH 8.0, 150 mM NaCl, 1 mM DTT, 0.5% NP-40, 1 mM
PMSF) containing protease inhibitor cocktail as described

(19). After centrifugation at 12 000 x g for 15 min, the su-
pernatant fraction was collected and one mg of soluble pro-
tein was incubated with 50 wl of anti-FLAG M2-agarose
suspension pre-activated according to manufacturer’s in-
structions at 4°C for 2 h. After centrifugation, the beads
were washed Sfive times with 500 pl of binding buffer, and
RNase I was eluted with 50 wl of binding buffer containing
1 mg/ml FLAG peptide.

RNase II activity assay

The activity of RNase II was determined as described (22).
Assays were carried out in 50 pl reaction mixtures con-
taining 50 mM Tris—HCI (pH 8.0), 300 mM KCI, 0.25 mM
MgCly, 5 mM DTT and 30 g [*H]polyadenylic acid sub-
strate (100 cpm nmol~1). The concentration of purified
RNase IT or cell extracts were adjusted to ensure that less
than 25% of the substrate was degraded. Reaction mix-
tures were incubated at 37°C for 15 min. The reaction was
stopped by the addition of 150 w1 of 0.5% (w/v) yeast RNA
and 200 pl of 20% (w/v) trichloroacetic acid. The mixture
was incubated on ice for 15 min and then centrifuged at 16
000 x g for 10 min at 4°C. The acid-soluble counts in 200 .1
of the supernatant fraction were determined by liquid scin-
tillation. Activities were normalized according to the moles
or mg of protein in each sample.

Binding assay

The double-filter nucleic acid-binding assay was performed
as described (22). Nitrocellulose and nylon membranes were
washed and equilibrated in binding buffer (50 mM Tris—
HCI, pH 8.0, 100 mM KCI, 5 mM DTT, 10 mM ethylene-
diaminetetraacetic acid (EDTA) and 10% glycerol) for at
least 1 h prior to use. Twenty microliter reaction mixtures
containing 50 mM Tris—HCI (pH 8.0), 100 mM KCl, 5 mM
DTT, 10 mM EDTA, 10% glycerol, 200 pM *?P-labeled olig-
oribonucleotide substrate and varying amounts of purified
RNase II enzyme were incubated on ice for 30 min. No
degradation of the RNA occurs in the absence of Mg?*. A
96-well dot-blot apparatus (Bio-Rad) was used to apply the
sample to a nitrocellulose membrane placed above a nylon
membrane. Each well was washed with 100 wl of ice-cold
binding buffer just prior to loading the sample and immedi-
ately following sample application. The apparatus was dis-
assembled, the membranes were allowed to air dry and were
visualized using a PhosphorImager. Quantification was car-
ried out in Imagel, and the Ky was determined using non-
linear regression analysis in GraFit 4 software (Erathicus
Software).

Measurement of RNase II half-life

Cells were grown in YT medium to an A550 of ~0.3. A
portion of the culture was collected for the zero time point
and chloramphenicol was added to the remaining culture at
200 wg/ml. Cells were collected at the indicated times, lysed
by sonication (23) and assayed by immunoblotting to deter-
mine the amount of RNase II remaining using anti FLAG
antibody.
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Purification of RNase 11

pET-rnb was transformed into BL21 (DE3) cells lacking
Pka or CobB for the expression of non-acetylated and
acetylated RNase II proteins, respectively. His-RNase 11
was overexpressed and purified as previously described (22).

Pka-mediated in vitro acetylation

The in vitro reaction was performed as described (24) with
50 ng purified WT, K501R or K501Q RNase II proteins in
the absence or presence of 50 ng purified Pka in a volume
of 20 pl. Reaction mixtures were incubated at 37°C for 1
h and then analyzed by immunoblotting using acetylated-
lysine antibody or anti FLAG antibody.

CobB-mediated in vitro deacetylation

The in vitro deacetylation reaction was carried out as de-
scribed (24) with 50 ng of purified WT, K501R or K501Q
RNase II proteins and 50 ng of purified His-CobB in a vol-
ume of 20 pl. Reaction mixtures were incubated at 37°C
for different times, and analyzed by immunoblotting using
acetylated-lysine antibody or anti FLAG antibody.

Western blot analysis

Proteins were resolved on an 8% gel and subjected to im-
munoblotting. FLAG-RNase II, acetylated RNase 11, His-
RNase IT were detected by anti-FLAG M2 mAb (1:1000 di-
lution), acetylated-lysine mouse mAb (1:1000 dilution) and
His-probe monoclonal antibody (1:1000 dilution), respec-
tively. Underexposed films were used for quantification by
Quantity One (Bio-Rad).

qRT-PCR analysis

RNA was extracted from cells with the RNeasy mini kit ac-
cording to the manufacturer’s protocol. For qRT-PCR, 2
g of total RNA was used for first-strand cDNA synthe-
sis by M-MLYV in the presence of primer Y1 (for yfi4), Ol
(for ompA) or U1 (for udp) (Supplementary Table S1). qRT-
PCR analysis was performed as described previously (25).
Expression levels of these genes were normalized to those
of the E. coli 16S rRNA gene. Primers Y1 and Y2, O1 and
02, and Ul and U2 were used to quantify gene expression
levels of yfid, ompA and udp, respectively (Supplementary
Table S1).

Growth competition

Equal amounts of wild-type (WT) (Kan®) and K501R
or K501Q mutant strain cells, based on absorbance, were
mixed and diluted into M9/0.2% glucose medium. The cul-
ture was incubated at 37°C with constant shaking at 200
rpm. Growth was monitored by Ass) measurements. After
6 h, the culture, still in exponential phase growth, was di-
luted 1:1000 into fresh M9/0.2% glucose medium. This rep-
resents one cycle (6 h) of exponential growth competition.
Such cycles were repeated 3 times. Before each cycle, 100 .
of culture was taken, diluted and plated onto YT plates with
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or without kanamycin. The CFU for each strain was deter-
mined at the beginning and end of each cycle. Calculation
of the strains’ doubling time was carried out as previously
described (26).

In vivo assay for ribosome degradation

A single colony was inoculated into 2 ml of M9/0.2% glu-
cose medium. After overnight growth, 100 wl was inocu-
lated into 100 ml of M9/0.2% glucose supplemented with 1
mCi/ml of [*HJ-uridine (GE) and 0.1 mM uridine. Cultures
were grown to mid-exponential phase and collected by cen-
trifugation for 10 min. The cell pellet was washed once in
M09 salts and resuspended in 50 ml of M9 salts and 0.1 mM
uridine. After 4 h incubation, 500 wl portions were removed
from each culture and treated with 4 M formic acid (27). Af-
ter 15 min on ice, samples were centrifuged at 13 000 rpm
for 15 min in a Fisher bench top microcentrifuge at 4°C.
Half of the supernatant fraction was removed and neutral-
ized with 1 M Tris. Ten milliliters of scintillation fluid was
added, and samples were counted in a scintillation counter
to determine acid-soluble radioactivity.

RESULTS
RNase II is acetylated on lysine 501

Several acetylation proteomics studies identified RNase 11
as a putative substrate of acetylation (15-17). To confirm
this observation, 2x FLAG was fused to the N terminus of
RNase II in the chromosome and the fusion protein was
pulled down with anti FLAG agarose beads. Using an an-
tibody directed against N-acetyl-lysine, we examined the
modification status of RNase II and found that this pro-
tein was indeed acetylated (Figure 1A). The cells also were
treated with NAM, an inhibitor of the SIRT family deacety-
lase, and TSA, an inhibitor of class I and class II histone
deacetylase, respectively. The results showed that the acety-
lation level of RNase II was enhanced ~3.0-fold after treat-
ment with NAM (Figure 1A), whereas the addition of TSA
had little effect on the modification of this enzyme, indicat-
ing that the acetylation of R Nase II was regulated by a SIRT
family deacetylase.

Lys501 in RNase II was found to be potentially acety-
lated in previous acetylome studies (15-17). To identify
whether Lys501 is indeed acetylated, we mutated lysine
501 to arginine (R) or glutamine (Q) in the chromosome
with 2x FLAG at its N-terminus, respectively, and exam-
ined their acetylation using the anti-acetyllysine antibody.
Note that arginine and glutamine mimic non-acetylated and
acetylated lysine, respectively, with respect to charge on the
residues. Our results showed that mutation of Lys501 re-
sulted in up to 80% reduction in acetylation of RNase II
(Figure 1B) indicating first, that under these conditions,
Lys501 is the major site of acetylation in this enzyme and
second, that some other lysine residues in RNase II are also
susceptible to acetylation. To further confirm the acetyla-
tion of RNase II Lys501, WT and mutant strains also were
treated with NAM, and then the acetylation of RNase II
in these cells was measured. As shown in Figure 1B, after
NAM treatment, the acetylation level of RNase II increased
2-3-fold in both the WT and the mutant strains. Therefore,
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Figure 1. Acetylation analysis of RNase I1. (A) Immunological analysis for
acetyl-lysine in cells with or without treatment by deacetylase inhibitors
NAM and TSA. (B) Acetylation of wild-type (WT) and mutant RNase II
proteins. FLAG-R Nase 11 was pulled down from extracts of the cells (1 mg)
indicated using anti-FLAG M2 antibody agarose beads, and then detected
with anti acetylated-lysine antibody and anti-FLAG monoclonal antibody,
respectively, after separation on 8% SDS-PAGE. Shown are representative
gels from experiments carried out at least twice. The amount of acetylated
(Ac-K, top panel) and total RNase II (bottom panel) in WT cells without
deacetylase inhibitor treatment was each set at 1.

a SIRT family deacetylase is mainly responsible for removal
of acetyl groups from Lys501 and other lysine residues in
RNase II.

Acetylation decreases RNase II activity

Regulation of enzymes by acetylation of lysine occurs by
various mechanisms (24,28). As Lys501 is close to the cat-
alytic center of RNase I1 (22,29), acetylation on this residue
might have an effect on its enzymatic activity. To test this
hypothesis, the total activity of RNase II in the cell was
measured using poly(A) as substrate (22). As RNase Il acts
processively on single-stranded RNA in the 3’ to 5 direc-
tion releasing adenosine monophosphate (AMP) molecules,
activity on poly(A) was determined using an acid soluble
assay as described in ‘Materials and Methods’ section. In
this assay the release of acid-soluble AMP molecules from
the acid-precipitable polymer chain is monitored. The ac-
tivity of WT RNase II decreased ~50% after NAM treat-
ment (Figure 2A) in concert with the elevated acetylation
level of this enzyme (Figure 1B). To determine the specific
effect of Lys501 acetylation, we measured the activity of
WT and mutant RNase II proteins in the presence or ab-
sence of NAM. As shown in Figure 2A, the K501R mutant
displayed activity ~2-fold higher than the WT RNase II,

whereas the K501Q mutant behaved very similarly to the
acetylated WT enzyme. In contrast to the WT RNase I that
was partly inactivated by NAM, a similar treatment by this
deacetylase inhibitor had little effect on the activity of either
K501R or K501Q mutant proteins (Figure 2A), indicating
that acetylation of Lys501 is responsible for the reduced ac-
tivity of RNase II.

To further investigate the effect of lysine acetylation on
RNase II activity in vivo, we determined the level of three
mRNAs, yfid, ompA and udp, the known targets of this en-
zyme, by qRT-PCR. yfi4 is a substrate of RNase II, and
inactivation of this enzyme increases the steady-state level
of yfid ~3-fold (30; Figure 2B). Consistent with the in vitro
results, the level of yfid was reduced by 40% in the KS01R
mutant, whereas the amount of this message increased ~2-
fold in K501Q cells (Figure 2B). Although yfi4 was ele-
vated ~2-fold in WT cells after NAM treatment (Figure
2B) due to its increased acetylation level (Figure 1B), this
was not observed in the K501R or K501Q mutant strains
in which the acetylation does not occur (Figure 2B). Besides
its role in RNA degradation, RNase II also stabilizes some
mRNAs, including ompA and udp, through the removal of
their poly(A) tails that can be used as binding sites by other
RNases (30,31), such as RNase R and PNPase (31). In con-
trast to yfid, substitution of Lys501 with arginine increased
the amount of ompA and udp by ~50%, while mutation of
this residue to glutamine reduced the level of these two mes-
sages (Figure 2C and D). Again, the presence of NAM had
little effect on the expression level of ompA and udp in the
mutant strains (Figure 2C and D). Based on these results
and those presented above, we conclude that Lys501 acety-
lation decreases RNase II activity.

Acetylation affects the binding activity of RNase II

To assess the contribution of RNase II acetylation to sub-
strate binding, a double-filter binding assay was used to de-
termine the Ky for binding of single-stranded A17 to differ-
ent forms of RNase II. Binding assays were carried out in
the absence of Mg?* and in the presence of EDTA to pre-
vent degradation of the RNA upon binding to RNase I1. As
shown in Table 1, A17 bound tightly to WT (not acetylated,
Figure 3A) RNase II with a K4 of 8.9 nM. This is consistent
with previous data (22,32). A17 also bound tightly to the
K501R mutant with a K4 similar to that of the WT form.
In contrast, the acetylated protein and the K501Q mutant
bound A17 with K4 values ~4-fold higher than the WT
RNase II (Table 1), indicating that acetylation of Lys501
exerts a negative effect on substrate binding.

Effect of acetylation on RNase II stability

Recent studies revealed that RNase R is an extremely un-
stable protein in exponential phase cells due to acetylation
on a single amino acid residue, Lys544 (21,33). To examine
whether acetylation might also affect RNase I1 levels, we de-
termined the amount and half-life of the mutant RNase 11
proteins, K501R and K501Q. WT and K501R and K501Q
mutant strain cells growing in the exponential phase were
treated with chloramphenicol to inhibit new protein syn-
thesis, and the amount of preexisting RNase II was deter-
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Figure 2. Activity of RNase Il in WT and mutant strains. (A) RNase IT activity in WT, KS01R and K501Q mutant strains with or without NAM treatment.
The enzyme activity against poly(A) was determined with 1 pg of soluble proteins as described in ‘Materials and Methods’ section for 30 min at 37°C. The
data presented are the average of three independent experiments in which the activity of RNase II in the WT cells without NAM treatment was set at 1. (B)
Relative yfi4 level in WT, K501R, K501Q and rnb mutant strains with or without NAM treatment. (C) Relative ompA level in WT, K501R, K501Q and
rnb mutant strains with or without NAM treatment. (D) Relative udp level in WT, K501R, K501Q and rnb mutant strains with or without NAM treatment.
For (B and D), the average of three independent experiments is shown in which the level of yfid, ompA and udp in the WT cells without NAM treatment
was each set at 1.

Table 1. RNA binding to RNase II proteins

Protein WT Ac-K K501R K501Q

346+£22

K4 (M) 89+ 1.1 351423 88+ 1.0

The Ky values were determined by a filter binding assay as described in ‘“Materials and Methods’ section. Each value represents the mean of three experi-
ments. Ac-K indicates the acetylated form of RNase II. WT (not acetylated) and acetylated RNase II proteins were purified from BL21 cells lacking Pka

or CobB, respectively.

mined by immunoblotting. The data presented in Supple-
mentary Figure S1 showed that substituting Arg or Gln for
Lys has little effect on the steady-state level of RNase II due
to an unchanged half-life of these proteins. Based on these
results and those presented above, we conclude that adding
an acetyl group to Lys501 does not alter RNase II stability
despite its strong influence on the acitivty of this enzyme.

Acetylation of RNase II by Pka

To examine the relation between acetylation of Lys501 and
RNase II activity in more detail, it was of interest to iden-
tify and eliminate the enzyme responsible for acetylation of
the RNase. Although E. coli contains multiple genes that
may encode the putative acetyltranferase (34), we initially
focused on Pka, the product of the pka gene. Pka is the only
acetyltransferase identified so far in E. coli, and is responsi-
ble for acetylation of RNase R (21), an ortholog of RNase
II. In addition, Pka is highly similar to the Pat protein of
Salmonella which was shown to participate in acetylation

of multiple proteins in that organism (24). Accordingly, we
determined the acetylation level of RNase II in a strain in
which the pka gene is interrupted with a kanamycin cas-
sette. Removal of Pka completely eliminates acetylation of
RNase II in both the WT and the K501R and K501Q mu-
tant strains (Figure 3A, top panel), indicating that Pka is the
enzyme which acetylates Lys501 and other lysine residues.
Concomitantly, the amount of yfi4 is reduced by 50% in
WT cells, but is not changed in K501R and K501Q mutant
strains (Figure 3B). To determine whether Pka can directly
modify RNase II, WT and mutant RNase II proteins puri-
fied from BL21 cells lacking Pka, which are not acetylated
(Figure 3C), were incubated with purified Pka in the pres-
ence of acetyl-CoA, the acetyl group donor. As shown in
Figure 3C, purified Pka acetylates WT RNase II effectively
in vitro, whereas it displays low activity against either the
K501R or the K501Q mutant RNase II protein (Figure 3C).
In agreement with the in vivo results, Pka treatment dramat-
ically decreased the activity against poly(A) of the WT pro-
tein, but had no obvious effect on the KS01R and K501Q
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Figure 3. Acetylation of RNase II by Pka. (A) Acetylation (Ac-K, top panel) and amount (bottom panel) of RNase IT in WT, K501R and K501Q mutant
strains in the absence or the presence of Pka. Cells were lysed and subjected to immunoprecipitation with anti FLAG antibody agarose beads. Precipitates
were then analyzed by immunoblotting using anti acetylated-lysine monoclonal antibody or anti-FLAG monoclonal antibody. Shown are representative
gels from experiments carried out twice. The amount of acetylated and total RNase IT in WT cells with Pka was each set at 1. (B) Relative yfi4 level in WT,
K501R and K501Q mutant strains in the absence or the presence of Pka. The data presented are the average of three independent experiments in which the
level of yfi4 in the WT cells in the presence of Pka was set at 1. (C) Pka directly acetylates RNase I1 in vitro. Purified WT, KS0IR or K501Q mutant RNase
II proteins (50 ng) were incubated with or without 50 ng of purified Pka. Products were then analyzed by immunoblotting using anti acetylated-lysine
monoclonal antibody or His-probe monoclonal antibody. Each gel shown is a representative experiment carried out twice. The amount of acetylated and
total RNase II in the reaction of WT protein with Pka treatment was each set at 1. (D) RNase II activity of WT, K501R and K501Q mutant RNase 11
with or without Pka treatment. The enzyme activity was determined as described in Figure 2. The data presented are the average of three independent

experiments in which the activity of WT RNase II without Pka treatment was set at 1.

mutants (Figure 3D). These data demonstrate that Pka is
responsible for acetylation of RNase I with Lys501 being
the major modification site.

Deacetylation of RNase II by CobB

Lysine acetylation is a reversible post-translational modi-
fication that is regulated by acetytransferases and deacety-
lases. Because NAM, but not TSA, significantly increased
RNase II acetylation, we speculated that a SIRT family
deacetylase is involved in deacetylation of this enzyme.
CobB plays a major role in deacetylation in both Salmonella
and E. coli (17,24), and is the only known protein deacety-
lase in the latter organism (35). Thus, we examined the effect
of removing the product of the cobB gene. Not unexpect-
edly, inactivation of CobB increased the acetylation of WT
RNase II (Figure 4A) leading to decreased activity against
Vfid in vivo (Figure 4B). Moreover, using RNase II purified
from cobB mutant BL21 cells, we found that purified CobB
can effectively remove acetyl groups from RNase II in vitro
(Figure 4C). Given the fact that the same amounts of RNase
IT and CobB were used in this assay, we conclude that CobB
can act on all acetylated lysine residues including Lys501.
Likewise, this treatment increased the activity of RNase I1
~3.5-fold (Figure 4D). Although CobB is also able to act
on other acetylated lysine residues besides Lys501, these

changes of acetylation levels have no effect on its activity
(Figure 4B and D). Collectively, these data establish a spe-
cific and prominent role of CobB in RNase II deacetylation
and enzymatic activation.

Elevation of RNase II acetylation during slowed growth

Increasing evidence suggests that metabolic pathways are
coordinated with reversible acetylation of metabolic en-
zymes in response to the level of nutrients (24,36). The level
of RNase II is known to change in response to growth con-
ditions such as slowed growth in which the amount of this
enzyme decreases dramatically (6). To determine whether
acetylation of RNase II is dynamically regulated in vivo, we
investigated the effect of slowed growth on RNase II mod-
ification. WT, K501R and K501Q mutant strains were cul-
tured in YT and M9/glucose media, and the level of RNase
IT acetylation and RNase II activity were measured. Under
these conditions, WT cells grow with doubling times of 30
and 75 min, respectively. As shown in Figure 5A, slowed
growth increased the acetylation level of WT RNase II by
3.1-fold, and as a result, its activity was reduced about 50%
(Figure 5B). Notably, slowed growth had little effect on the
activity of the K501R and K501Q mutants (Figure 5B), al-
though it increased their acetylation level slightly (Figure
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Figure 4. Deacetylation of RNase II by CobB. (A) Acetylation (Ac-K, top panel) and amount (bottom panel) of RNase II in WT, K501R and K501Q
mutant strains in the absence or the presence of CobB. The experiments were carried out as in Figure 3. Shown are representative gels from experiments
carried out at least twice. The amount of acetylated and total RNase II in wild type cells with CobB was each set at 1. (B) Relative yfi4 level in WT,
K501R and K501Q mutant strains in the absence or the presence of CobB. The data presented are the average of three independent experiments in which
the level of yfi4 in the WT cells in the presence of CobB was set at 1. (C) CobB directly deacetylates RNase II in vitro. Purified WT, KS0IR or K501Q
mutant RNase II proteins (50 ng) were incubated with or without 50 ng of purified CobB and then analyzed by immunoblotting using anti acetylated-lysine
monoclonal antibody or His-probe monoclonal antibody. Each gel shown is a representative experiment carried out twice. The amount of acetylated and
total RNase II in the reaction of WT protein without CobB treatment was each set at 1. (D) RNase II activity of WT, K501R and K501Q mutant RNase
11 with or without CobB treatment. The enzyme activity was determined as described in Figure 2. The data presented are the average of three independent
experiments in which the activity of WT RNase II without CobB treatment was set at 1.

SA), presumably due to acetylation on other residues. Nev-
ertheless, these results indicate that under slowed growth
conditions, Lys501 is the major acetylation site in RNase
1I.

Since E. coli has evolved such an extensive regulatory pro-
cess to modulate the activity of RNase 11, it is likely that el-
evated acetylation of this enzyme is physiologically impor-
tant for cells growing under low nutrient conditions. To ex-
amine this point in more detail, we determined the doubling
time of WT cells and the K501R and K501Q mutant strains.
Based on competition experiments, we found that while the
K501Q mutant grew very similarly to WT cells, which are
now largely acetylated (Figure 5A), the K501R mutant grew
somewhat more slowly (Figure 5C).

One possibility to explain this slower growth is that the
degradation of important RNA molecules such as riboso-
mal RNAs (rRNAs) may have changed. rRNAs, which ac-
count for as much as 90% of the total RNA in E. coli,
generally are stable in growing cells, but their degradation
increases under conditions such as starvation (37). There-
fore, we determined the degradation of rRNAs in WT and
K501R and K501Q mutant cells during starvation using a
previously described in vivo assay (37). To do so, cells were
grown in M9/glucose medium supplemented with [*H]-
uridine to label ribosomes. The labeled cells were then re-
suspended in M9 salts without glucose, and after 4 h in-

cubation, the degradation of pre-labeled ribosomes during
this starvation period was measured. As shown in Figure
5D, substitution of arginine for lysine reduced the amount
of acid-soluble material produced ~50%, confirming that
acetylation on Lys501 plays an important role in the degra-
dation of rRNAs during starvation. Taken together, all of
these data strongly suggest a role for RNase I1 Lys501 acety-
lation in modulating cell growth during stress conditions.

DISCUSSION

RNases are major participants in essentially all aspects of
RNA metabolism. Yet, they are also destructive enzymes
that potentially could cause serious problems with a cell’s
complement of RNA (38). Therefore, cells must elabo-
rately control RNase activities to ensure that elimination
of functionally important RNA molecules is avoided. Al-
though known for many years, the study of RNase regu-
lation has until recently received relatively little attention
(39). The information presented here indicates that one im-
portant exoribonuclease, RNase II, can be regulated by
post-translational modification. Moreover, the modifica-
tion does not affect the enzyme’s stability, as is the case
for RNase R, but, rather, the protein’s catalytic activity. As
such, these findings greatly expand our understanding of
RNase regulation and open up new possibilities for further
investigations in the RNase field.
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Figure 5. Acetylation of RNase II during slowed growth. (A) Acetylation (Ac-K, top panel) and amount (bottom panel) of RNase II in WT, K501R
and K501Q mutant strains grown in YT (R) or M9 (M) medium. The experiments were carried out as in Figure 3. Shown are representative gels from
experiments carried out three times. The amount of acetylated and total RNase II in WT cells grown in YT medium was each set at 1. Note that more total
protein was used for the pull-down assay with samples incubated in M9 (M) medium (1 mg for lanes 1, 3 and 5; 6 mg for lanes 2, 4 and 6) to keep the same
amount of total RNase II. (B) RNase II activity in WT, KS0IR and K501Q mutant strains grown in YT (R) or M9 (M) medium. The enzyme activity was
determined as described in Figure 2. Note that more protein was loaded with samples incubated in M9 (M) medium (1 p.g for lanes 1, 3 and 5; 6 g for lanes
2,4 and 6) to keep the same amount of total RNase II. The data presented are the average of three independent experiments in which the activity of RNase
II in the WT cells grown in YT medium was set at 1. (C) Doubling time of WT, K501R and K501Q mutant strains determined by competition experiments.
WT cells were competed with KS01R or K501Q mutant strains in M9/0.2% glucose medium. (D) Amount of acid-soluble radioactivity present in WT,
K501R and K501Q mutant strains. Degradation of RNAs was determined from the release of acid-soluble radioactivity presented as a percentage of the

total radioactivity in the culture sample. The data shown are the average and standard deviation based on three independent experiments.

The studies described here provide evidence that lysine
acetylation can regulate the activity of an important en-
zyme and thus the cell’s ability to adapt to stress conditions.
Specifically, we found that (i) RNase I1, the predominant ac-
tivity against poly(A), is acetylated on at least one residue,
Lys501; (i1) addition of an acetyl group on Lys501 affects
substrate binding of RNase II leading to decreased activ-
ity of this enzyme; (iii) acetylation of RNase II is reversibly
controlled by the acetytransferase, Pka, and the deacetylase,
CobB; (iv) slowed growth increases the acetylation level of
RNase II; and (v) inhibition of Lys501 acetylation in RNase
I leads to a slower growth rate likely due to altered degrada-
tion of rRNAs. These findings, and others presented earlier
(6,11-14), indicate that bacterial cells employ a variety of
mechanisms to carefully control the amount, activity, speci-
ficity and cellular localization of RNase II. This complex
regulatory system serves as a detailed example of how cells
deal with stress conditions through regulation of an R Nase.

RNase II action is highly processive on single-stranded
RNA (ssRNA) which binds the substrate through two bind-
ing sites: a catalytic site associated with the first few 3’ nu-
cleotides and an anchoring site ~15-25 nt upstream of the 3’
end (22.,40). Lys501 is within the catalytic center, and thus,
modification of this residue might be expected to have an
effect on substrate binding. Looking at the Lys501 posi-
tion, acetylation will only partially block the RNA chan-
nel. The closest distance from the tip of Lys501 to the A12

phosphate backbone is around 5 A (Supplementary Fig-
ure S2), so there is enough space to accommodate acety-
lation. In fact, the main effect is likely due to the change of
charge. Addition of an acetyl group will neutralize the pos-
itive charge on Lys501 and thus reduce binding at the —1
position (one residue 5" of the cleavage site, which is A13
in the structure) (Supplementary Figure S2). This hypoth-
esis is supported by the observations that the K501R and
K501Q mutant proteins behave similarly to the unmodified
and acetylated RNase II proteins (Figure 2 and Table 1),
respectively.

Protein acetylation is a reversible process via the control
of acetyltransferase and deacetylase (24). We show here that
acetylation of RNase II is reversibly controlled by Pka and
CobB, the only acetyltransferase and deacetylase identified
so far in E. coli, respectively (21,35). Treatment with NAM,
an inhibitor of the SIRT family deacetylase, elevated R Nase
IT acetylation ~3-fold (Figure 1), suggesting that only one
third of this enzyme is modified in growing cells. Mutation
of Lys501 decreased the acetylation of RNase II ~80%,
indicating the presence of other modification sites in this
protein. In agreement with these observations, recent pro-
teomics analyses revealed that, besides Lys501, RNase II
was acetylated on several other residues including Lys31, 68
and 107 (15-17), all of which are located in the N-terminal
cold shock domain of this enzyme (22). This domain and
the C-terminal S1 domain come together in a clamp-like ar-
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rangement, which can only accommodate ssRNA (22). Al-
though the role of acetylation on these three lysine residues
are unclear, these modifications are likely to affect RNA
binding based on their locations. The importance of these
modifications needs be further explored in future studies.

Besides enzyme-dependent acetylation, proteins can also
undergo non-enzymatic modification by acetyl groups,
which are quantitatively more numerous under appropri-
ate conditions such as in glucose overloaded medium. The
observations of Lys501 acetylation in this study but not in
the experiments carried out by Schilling et al. (41) indicate
that modification on this residue is enzyme-dependent and
is not susceptible to non-enzymatic acetylation by acety-
phosphate. Interestingly, acetylation of other RNases and
helicases, including three components of the RNA degra-
dosome, was detected in the latter research, suggesting
that these modifications are largely dependent on acety-
phosphate. Therefore,protein acetylation will change under
different growth conditions with altered mechanisms.

The acetylation of RNase II is elevated under slowed
growth conditions. In addition, inhibition of this modifi-
cation by substitution of Lys501 with arginine leads to a
slower growth rate of the cells. It has been suggested that
the absence of RNase II results in increased degradation
of rRNAs because the single-stranded 3’ ends are stabi-
lized allowing other RNases to bind more efficiently (37).
These findings and our data suggest a model in which the
slower growth of the K501R mutant cells can be attributed,
at least partially, to an altered degradation rate for rRNAs.
Inasmuch as RNase II is largely acetylated during slowed
growth (Figure 5A), it would bind more weakly (Table 1).
This decreased activity after acetylation, together with the
reduced level of RNase II (6), would help to maintain the
single-stranded 3’ ends of rRNAs. As such, RNase R and
PNPase would be able to bind more effectively and act on
these RNA molecules during slowed growth. In the KS01R
mutant cells, RNase II binds more tightly to the 3’ ends
of rRNAs (Table 1), leading to decreased degradation by
RNase R and PNPase. Although consistent with the data,
additional experiments will be needed to conclusively prove
this proposed model.

These studies also provide a clear example in which acety-
lation affects the activity of an RNase in bacteria. Acetyla-
tion has been shown to affect many proteins and processes
in both prokaryotic and eukaryotic systems (36,42-44), but
to date, only a few instances of a specific effect on a ribonu-
clease have been uncovered (21,33). The discovery here that
acetylation of one specific lysine residue in RNase II de-
creases its catalytic activity, resulting in an altered growth
rate, provides a clear example of a direct effect of acety-
lation on a regulatory process in bacteria. With the recent
discovery that a large number of E. coli RNases are poten-
tially acetylated in vivo (15-17,41), it is likely that the find-
ings reported here are only the beginning of what will be a
widespread phenomenon in bacteria.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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