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Acetylation of the Response Regulator RcsB Controls Transcription
from a Small RNA Promoter
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Ne-lysine acetylation was recently discovered on many bacterial proteins that function in diverse cellular processes. Thus, many
questions remain unanswered. For example, what mechanisms regulate lysine acetylation? Does acetylation affect physiology?
To help answer these questions, we studied the Escherichia coli response regulator and transcription factor RcsB, which is re-
ported to be acetylated in vitro. To characterize RcsB acetylation, we monitored transcription from the rprA promoter, which
requires RcsB. The conventional view is that ResB is activated by phosphorylation through either the Rcs phosphorelay or acetyl
phosphate. We affirmed that rprA transcription requires phosphorylated RcsB and showed that acetyl-phosphate (AcP) isa
phosphoryl group donor to RcsB. However, a mutant that accumulates AcP (ackA) exhibited a reduction in rprA transcription
instead of the predicted increase. rprA transcription also diminished in the cobB mutant, which lacks the only known E. coli pro-
tein deacetylase. This suggests the existence of an inhibitory mechanism that involves lysine acetylation, a supposition supported
by the observation that RcsB isolated from the ackA or cobB mutant was hyperacetylated. Finally, we used a genetic approach to
identify an AckA- and CobB-sensitive lysine (Lys-154) that controls RcsB activity. We propose that acetylation inhibits RcsB ac-

tivity and that some of this inhibition acts through the acetylation of Lys-154.

ore than 300 posttranslational modifications (PTMs) have

been identified (1, 2). By decorating proteins in various
combinations, PTMs can alter charge, size, hydrophobicity, or
conformation and thus a protein’s activity, stability, or cellular
location and/or its affinity for its binding partners (3). Phosphor-
ylation is one of the most common PTMs. In bacteria and lower
eukaryotes, phosphorylation of histidinyl and aspartyl residues
allows two-component signal transduction systems to sense envi-
ronmental change and, in response, to appropriately alter cellular
behavior. The Rcs phosphorelay is a complex two-component sig-
nal transduction pathway composed of three proteins, the hybrid
sensor ResC, the histidine phosphotransferase ResD, and the re-
sponse regulator (RR) ResB (Fig. 1A). In response to certain ex-
tracellular stimuli, the hybrid sensor ResC autophosphorylates its
conserved histidinyl residue and donates that phosphoryl group
to a conserved aspartyl residue within its receiver (REC) domain.
Next, the phosphoryl group transfers to a conserved histidinyl
residue on ResD, which passes the phosphoryl group to aspartyl
residue 56 (Asp-56) within the REC domain of the RR ResB. Once
phosphorylated, RcsB is reported either to form an RcsB ho-
modimer or to form heterodimers with its coactivator RcsA (4) or
the LuxR-type transcription factors Bgl] (5) and GadE (6). The
result is regulated transcription of more than 150 genes in Esche-
richia coli (7), including the small nonencoding RNA rprA, which
activates the translation of stationary-phase sigma factor RpoS
(8).

In the absence of an extracytoplasmic stimulus, the Rcs phos-
phorelay works in reverse, with ResD and ResC functioning as a
net phosphatase, dephosphorylating phosphorylated ResB (Fig.
1B). Under such conditions, it is proposed that the phosphoryl
group donor for ResB is acetyl-phosphate (AcP), the intermediate
of the Pta-AckA pathway (9). Disruptions of this central metabolic
pathway alter intracellular AcP concentrations (10) and result in
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correlative changes in in vivo ResB activities (11). While AcP has
been shown to function as the phosphoryl donor to various RRs in
vitro (12, 13), its ability to act in this capacity for RcsB has not been
demonstrated.

Another PTM is Ne-lysine acetylation, which is thought to use
acetyl coenzyme A (acetyl-CoA) as the acetyl donor (3). It was
recently reported that RcsB is one of several E. coli transcription
factors acetylated in vitro by Pat, a Salmonella enterica Gen5-like
acetyltransferase (14). Both Pat and its E. coli homolog YfQ (15,
16) (also called Pka [17] or PatZ [18]) acetylated RcsB lysine res-
idue 180 (Lys-180) (14). Deacetylation of Lys—lSOAC was catalyzed
by CobB (14),a member of the sirtuin family of NAD *-dependent
deacetylases (19). Since Lys-180 is located in the DNA-binding
helix-turn-helix motif of RcsB, Lys-180 acetylation reduced
ResB’s affinity for its DNA site at the flhDC promoter (14).
Whether ResB is acetylated in vivo and whether acetylated RcsB
has physiological relevance remained unknown (14, 20).

Here, we provide evidence that the ResB-dependent rprA pro-
moter is regulated by both phosphorylation and acetylation of
ResB. First, we identify a novel RcsB-dependent behavior and
demonstrate that it depends on RcsB phosphorylation. We then
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A Extracellular
signals

FIG 1 Schematic diagrams of the Rcs phosphorelay. (A) Model of Res kinase
signaling. In the presence of an activating environmental stimulus, ResC acts as
anet kinase, using ATP as a phosphoryl group donor, this phosphoryl group is
transferred from ResC to the Hpt ResD, which donates the phosphoryl group
and activates ResB. (B) Model of Res phosphatase signaling. Under conditions
that stimulate ResC net phosphatase activity, AcP is an alternative phosphoryl
group donor for ResB. The ResCD pathway can remove phosphoryl groups
from phosphorylated RcsB to generate inorganic phosphate. OM, outer mem-
brane; IM inner membrane.

show that this behavior is inhibited by loss of CobB’s deacetylase
activity or by deletion of ackA, which causes AcP to accumulate.
The relevant target of CobB and AckA appears to be RcsB, as mass
spectrometry (MS) detected several acetylated ResB lysines, some
of which were sensitive to both CobB and AckA. One of those
acetylated lysines (Lys-154) appears to play an essential role in
RcsB’s ability to activate rprA transcription but not in its ability to
inhibit migration through semisolid agar. To the best of our
knowledge, this is the first report that acetylation of a bacterial
transcription factor could have an effect in vivo.

MATERIALS AND METHODS

Bacterial strains, plasmids, and bacteriophage. All of the bacterial
strains used in this study are listed in Table 1. Derivatives were con-
structed by generalized transduction with Plkc as described previously
(21). The transcriptional fusion ¢ (PrprA-lacZ), carried by APrprA as de-
scribed previously (8), was a generous gift from Susan Gottesman (Na-
tional Institutes of Health, Bethesda, MD). Construction of monolyso-
gens was performed and verified as described previously (22, 23).

Culture conditions. For strain construction, cells were grown in LB
containing 1% (wt/vol) tryptone, 0.5% (wt/vol) yeast extract, and 0.5%
(wt/vol) sodium chloride; LB plates also contained 1.5% agar. For pro-
moter activity assays, cells were grown in TB7, which contains 1% (wt/vol)
tryptone buffered at pH 7.0 with potassium phosphate (100 mM). Trans-
formations were performed by electroporation or through the use of ei-
ther transformation buffers 1 and 2 (24) or transformation-and-storage
solution (25). Cell growth was monitored spectrophotometrically
(DU640; Beckman Instruments, Fullerton, CA) by determining the ab-
sorbance at 600 nm (Ag,). Spectinomycin (100 pg/ml), ampicillin (100
pg/ml), and chloramphenicol (25 pg/ml for experiments with pCA24n-
yfiQ or 17.5 pg/ml for experiments with pCCl-derived plasmids) were
added to growth media when needed. To induce the expression of genes
carried from various plasmids, isopropyl-f-p-thiogalactopyranoside
(IPTG) was added at the concentrations indicated.
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Promoter activity assays. To monitor the promoter activity of
&(PrprA-lacZ), cells were grown aerobically at 37°C in TB7 overnight. The
overnight cultures were diluted in fresh TB7 and grown aerobically at
37°C until early stationary phase. At regular intervals, 50-p.l aliquots were
harvested and added to 50 pl of All-in-One (-galactosidase reagent
(Pierce Biochemical). B-Galactosidase activity was determined quantita-
tively by using a microtiter format as described previously (26). As a
blank, 50 pl of sterile TB7 was used. Promoter activity was always deter-
mined across the entire growth curve and was plotted versus either time or
Agoos for some experiments, however, only peak activity during exponen-
tial phase is shown. Each experiment included three biological replicates
unless otherwise mentioned. The values represent the means with stan-
dard deviations. All experiments were performed at least twice.

ResB cloning into a single-copy vector. To construct a single-copy
plasmid that permits the expression of moderate amounts of wild-type
(WT) ResB, we cloned the WT resB allele into a derivative of CopyControl
pCC1 (EpiCentre). We began with pVEC, a derivative of pCC1 in which
plasmid-encoded lacZo is disrupted by a kanamycin resistance cassette
(Table 1) (27). To replace the kanamycin resistance cassette with the WT
resB allele, we first constructed a derivative of pVEC that lacked the kana-
mycin resistance cassette. pVEC was BamHI digested, ligated, trans-
formed into TransforMax EPI300-T1 chemically competent E. coli (Epi-
Centre), and plated onto an LB plate containing chloramphenicol (17
pg/ml) and 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-
Gal). A blue transformant was isolated and grown overnight at 37°C in LB
supplemented with chloramphenicol (17 pg/ml) to maintain the plasmid
and with CopyControl BAC Autoinduction Solution (EpiCentre) to am-
plify the plasmid. The plasmid DNA was purified, and this pCC1 deriva-
tive was designated pLIHO001 (Table 1). We then amplified the WT rcsB
allele from the chromosome of strain AJW3759 (Table 1) by using primers
resBFBamHI and resBRBamHI (Table 1). The resulting amplicon was pu-
rified with the CloneJET PCR purification kit (Thermo Scientific) and
cloned into pJET1.2 with the CloneJET PCR cloning kit (Thermo Scien-
tific). The ligated product was transformed into competent DH5« and
plated onto LB ampicillin plates. The WT rcsB allele was excised from
pJET1.2 with BamHI, gel extracted, subcloned into BamHI-digested
pLIHO01, transformed into EPI300 cells, and plated onto LB plates con-
taining chloramphenicol and X-Gal. White colonies were used to inocu-
late LB supplemented with chloramphenicol and CopyControl BAC Au-
toinduction Solution (EpiCentre) and shaken overnight at 37°C. Plasmid
DNA was purified and sequenced with primer pCC1RBZ (Table 1). The
resulting plasmid was named pLIHO002 (Table 1). For experiments that
involved pLIHO002 or derivatives, pVEC functioned as the negative con-
trol.

Site-directed mutagenesis. Site-directed mutagenesis of RcsB in
pLIHO002 was conducted with the QuikChange Lightning Multi site-di-
rected mutagenesis kit (Agilent Technologies) in accordance with the
manufacturer’s instructions by using the mutagenic primers listed in Ta-
ble 1.

Cloning, recombinant expression, and purification. To purify pro-
teins used for in vitro studies, we transformed the chloramphenicol resis-
tance ASKA plasmids that encode YfiQ or RcsB with a noncleavable N-
terminal polyhistidine (His,) tag (28) into kanamycin-resistant BL21
Magic cells (29). The ASKA-encoded, His,-tagged protein was expressed
in the presence of 34 pwg/ml chloramphenicol and 35 pg/ml kanamycin
and purified by immobilized metal affinity chromatography, followed by
size exclusion chromatography, as described previously (30, 35).

Dynamic light scattering. For characterization of molecular size in
solution, dynamic light scattering (DLS) provides a measure of the trans-
lational diffusion coefficient of a protein in solution. All DLS measure-
ments were performed on a Zetasizer Nano-S Zen 1600 DLS instrument
with a 633-nm wavelength laser. The fluctuations in light intensity due to
the Brownian motion of the molecules were measured by a photodiode at
a 90° angle. Photons were counted, and the time dependence of the light
intensity fluctuations was analyzed by autocorrelation. Assumptions in-

jb.asm.org 4175


http://jb.asm.org

Hu et al.

TABLE 1 Bacterial strains, bacteriophage, plasmids, and primers used in this study

Strain, phage, plasmid,

or primer Relevant characteristic(s) Source and/or reference(s)
E. coli strains
BW25113 F~ N~ A(araD-araB)567 A(rhaD-rhaB)568 AlacZ4787 rrnB3 rph-1 hsdR514 69
AJW678 thi-1 thr-1(Am) leuB6 metF159(Am) rpsL136 AlacX74 70
AJW3759 BW25113 ND(PrprA142-lacZ) N\: NrprA142 — BW25113
AJW3331 AJW678 ND(PrprAl42-lacZ) N\: ArprA142 — AJW678
AJW4884 AJW3759 ArcsB::FRT P1: JW2205 (71) — AJW3759, then antibiotic
marker removed
AJW3976 AJW3759 ArcsCrtet P1: MZ63 (72) — AJW3759
AJW3981 AJW3759 AackA::FRT-kan-FRT P1: JTW2293 (71) — AJW3759
EPB6 A(ackA pta)::cat Mark Goulian (University of Pennsylvania)
AJW4030 AJW3759 A(ackA pta)::cat P1: EPB6 — AJW3759
AJW5187 AJW3759 A(ackA pta)::cat ArcsC::tet P1: MZ63 (72) — AJW4030
JE8659 AcobB::cat J. Escalante-Semerena (University of Georgia)
AJW5011 AJW3759 AcobB::cat P1: JE8659 — AJW3759
AJW3797 AJW3759 AyfiQ::FRT-kan-FRT P1: JW2568 (71) — AJW3759

EPI300TM-T1R

F~ mcrA A(mrr-hsdRMS-mcrBC) @80dlacZAM15 lacX74 recAl endAl araD139
(ara-leu)7697 galU galK rpsL nupG trfA tonA dhfR

Epicentre Biotechnologies

BL21(DE3) Magic Derivative of BL21 cells carrying a plasmid encoding rare tRNAs 29
Phage NrprA142 rprAl142-lacZ 8
Plasmids
pVEC Single-copy, lacZ-null derivative of pCC1 (Epicentre), control for pLIH002 and 27
pLIH003, Cm"
pLIHO01 pVEC derivative with kanamycin cassette removed This study
pLIHO002 pLIHO01 carrying resB(WT), Cm" This study
pLIHO003 pLIHO01 carrying rcsBD56A allele, Cm" This study
pLIH004 pLIHO01 carrying resBK154Q allele, Cm" This study
pLIHO005 pLIHO01 carrying rcsBK154R allele, Cm" This study
pLIHO006 pLIHO01 carrying rcsBK154A allele, Cm" This study
pTrc99a Vector control for pPSG980, Ap" 73
pPSGI980 pTrc99a carrying ®(PlacUV5-resC), Ap" 7,74
pMH300 pTrc99a carrying ®(PlacUV5-resF), Ap* 37
pCA24n Control plasmid, Cm" 28
pCA24n-rcsB pCA24n expressing Hisg-ResB from an IPTG-inducible promoter, Cm" 28
pHis6rcsB pIM10 vector expressing Hisg-ResB from an IPTG-inducible promoter, Kn* Sp* 31

Primers (5"-3")

rcsBFBamHI GGATCCAGGAAGGTAGCCTATTACATGAAC This study
rcsBRBamHI GGATCCTTAGTCTTTATCTGCCGGACTTAAGG This study
pCCIRBZ GTAAAACGACGGCCAGTGAATTG This study
rcsBK154Q ACAAGCGTCTCTCGCCACAGGAGAGTGAAGTTCTGCG, AAA—CAG This study
rcsBK154A TGACAAGCGTCTCTCGCCAGCAGAGAGTGAAGTTCTGC, AAA—GCA This study
rcsBK154R ACAAGCGTCTCTCGCCAAGAGAGAGTGAAGTTCTG, AAA—AGA This study
rcsBD56A CATGTGTTGATTACCGCTCTCTCCATGCCTGGC, GAT—GCT This study

clude a solution viscosity equal to 1.019 and that the proteins are spherical
in nature. The proteins were centrifuged for 5 min with 14,000 X g prior
to the collection of scattering data. Experiments were run at 25°C, and at
least six measurements were taken under each condition. Regularization
histogram analyses of samples were carried out with the Zetasizer Nano
software.

LTQ-Orbitrap Velos liquid chromatography (LC)-tandem MS (MS/
MS) analysis. For identification of in vivo acetylation sites, cells trans-
formed with pHis6resB (which expresses Hisg-tagged ResB [31]) were
grown aerobically at 37°C at 250 rpm in TB7 supplemented with 50 uM
IPTG and spectinomycin until entry into stationary phase, and cell lysates
were prepared. For the identification of in vivo acetylation of cells inhib-
ited for sirtuin activity, 20 mM nicotinamide (NAM) was added to the
growth medium. For identification of in vitro acetylation sites, His,-
tagged ResB and His,-tagged YfiQ proteins were purified from E. coli cells
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(see below). The proteins in the in vivo and in vitro samples were separated
by SDS-PAGE. To normalize the number of cells to lyse per milliliter, the
inverse of the culture Ay, was used (32). To avoid cross-contamination,
we electrophoresed the samples from each strain and/or condition on
separate SDS-polyacrylamide gels with bioreplicates separated by an
empty lane(s). Electrophoresis was terminated before proteins could run
off the bottom of the gel. The gel was cut down the middle of the empty
lane to separate the bioreplicates. Each half of the gel was stained with
SimplyBlue SafeStain (Invitrogen) and destained with water. The bands
were then excised and subjected to tryptic digestion as described previ-
ously (33). Peptides eluted from tryptic digests of gel pieces were subjected
to reversed-phase column chromatography (self-packed C,g column,
100-pm diameter by 200-mm length) operated on an Easy-nLC II
(Thermo Fisher Scientific, Waltham, MA). Elution was performed with a
binary gradient of buffer A (0.1% [vol/vol] acetic acid) and buffer B
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(99.9% [vol/vol] acetonitrile; 0.1% [vol/vol] acetic acid) over a period of
100 min with a flow rate of 300 nl/min. MS and MS/MS data were ac-
quired with the LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific) equipped with a nanoelectrospray ion source. The Orbitrap
Velos was operated in data-dependent MS/MS mode by using the lock-
mass option for real-time recalibration. After a survey scan in the Orbitrap
(resolution of 30,000), MS/MS data were recorded for the 20 most inten-
sive precursor ions in the linear ion trap. For MS/MS analysis, singly
charged ions were not taken into account.

Identification of lysine acetylation sites. Posttranslational lysine
acetylation sites on proteins were identified by searching all MS/MS
spectra in .dta format against an E. coli database (extracted from the
Uniprot-KB database [http://www.uniprot.org/uniprot/?query=E
scherichia+coli+K12&sort=score]), with Sorcerer-SEQUEST (Sequest
v. 2.7 rev. 11 Thermo Electron including Scaffold_3_00_05; Proteome
Software Inc., Portland, OR). The Sequest search was carried out within
the parameters of a parent ion mass tolerance of 10 ppm and a fragment
ion mass tolerance of 1.00 Da. Up to two tryptic miscleavages were al-
lowed. Methionine oxidation (+15.99492 Da), cysteine carbamidom-
ethylation (+57.021465 Da), and lysine acetylation (+42.010571 Da)
were set as variable modifications. Proteins were identified by at least two
peptides by applying a stringent SEQUEST filter. Sequest identifications
required deltaCn scores of greater than 0.10 and XCorr scores of greater
than 2.2, 3.3, and 3.8 for doubly, triply, and quadruply charged peptides.
Acetylated peptides that met these filter criteria were examined manually
and accepted only when b or y ions confirmed the acetylation site.

Quantification of acetylated peptides. To compare the abundance of
acetylated peptides in different biological samples, we used Scaffold (Se-
quest v. 2.7 rev. 11 Thermo Electron including Scaffold_3_00_05; Pro-
teome Software Inc., Portland, OR) to perform spectral count (SC) anal-
ysis. After fragmentation of a specific peptide, Scaffold can quantify the
protein amounts in different samples according to the number of MS/MS
fragment ion spectra. If a peptide was abundant in the overview MS scan,
then many MS/MS fragment ion spectra were generated for this peptide.
The number of these spectra is considered to be the SC for that peptide. To
compare the abundances of any given acetylated peptide between sam-
ples, we calculated the ratio of the SC of one sample to that of the other.
In-gel tryptic digests for MS analysis are not suited to added peptide stan-
dards; therefore, we used a semiquantitative approach. We processed and
measured all of the samples to be compared by the same methods, at the
same time, in parallel, and loaded equal amounts of tryptic digest onto the
LC column. Each comparison was performed with multiple replicates.

In vitro acetylation reactions. Two different methods were used to
detect in vitro acetylated proteins using acetyl-CoA as the acetyl group
donor: (i) detection by anti-acetylated lysine Western immunoblot assay
and (ii) detection of acetyl-CoA hydrolysis.

(1) In vitro acetylation followed by anti-acetyllysine Western immu-
noblot analysis. A combination of 20 wM ResB, 0.4 mM acetyl-CoA, and
2 uM YfiQ was incubated at 37°C for 1 h in 50 mM Tris HCI (pH 8)-10%
glycerol-1 mM dithiothreitol (DTT)-10 mM sodium butyrate—0.1 mM
EDTA as described previously (34). (For the Western immunoblot anal-
ysis, see below.)

(ii) In vitro acetylation, followed by measurement of acetyl-CoA
hydrolysis. In vitro acetylation, followed by measurement of acetyl-CoA
hydrolysis, detects acetylation by measuring the hydrolysis of acetyl-CoA.
Biochemical assays were performed as described previously (35), with
some modifications. First, reactions were performed in the presence of
150 mM NaCl at 25°C for 1 h to prevent protein precipitation during the
reaction. Additionally, after stopping the reactions with guanidine HCI,
samples were transferred to Nanosep centrifugation devices with a molec-
ular weight cutoff of 10,000 (Pall Life Sciences, VWR) and centrifuged at
17,000 X g for 10 min to separate reduced CoA (CoASH) and the protein.
Ellman’s reagent was then added to the flowthrough and monitored as
described previously (35). This biochemical in vitro acetylation assay was
performed in the absence of DTT because this reducing agent generates

September 2013 Volume 195 Number 18

Acetylation Regulates Transcription

false-positive signals. Reactions reached completion within 1 h, and a
saturating concentration of RcsB was determined to be 0.15 mM. A large
amount of YAiQ (100 p.g) was necessary to detect activity, possibly because
of competition for binding between acetyl-CoA and the His, tag (35).

In vitro phosphorylation reactions. In vitro phosphorylation was car-
ried out by incubating lithium potassium AcP (Sigma) with purified, His-
tagged ResB at 30°C for 30 min in buffer (40 mM Tris-HCI [pH 8.0], 10
mM MgCl,, 40 mM KCl, 1 mM DTT) as described previously (36).

Detection of phosphorylated ResB. Similar to a previously reported
procedure (36), phosphorylated ResB from in vitro phosphorylation was
separated from nonphosphorylated ResB by zinc(II) Phos-Tag SDS-
PAGE [10% acrylamide (37.5:1), 350 mM Tris (pH 6.8),0.1% SDS, 75 uM
Phos-Tag (NARD Institute Ltd.), 150 uM Zn(NO,),]. Purified protein
was detected by staining the gel with SimplyBlue (Invitrogen).

Western immunoblot analysis. Purified proteins were separated by
SDS-PAGE. Proteins were transferred onto a methanol-treated polyvi-
nylidene difluoride membrane at 25 to 30 V at 4°C for 16 h. The blot was
blocked with 5% (wt/vol) milk prepared in phosphate-buffered saline
(PBS) for 1 h at room temperature. The blot was washed with PBS-Triton
X-100 (PBST) for 5 min. A rabbit polyclonal antibody raised against an
acetylated lysine-containing peptide (Cell Signaling 9441) was used at a
1:500 dilution in 5% milk in PBS at 4°C overnight. The blot was washed
three times for 5 min each with PBST and then incubated with a horse-
radish peroxidase-conjugated goat anti-rabbit secondary antibody (Cell
Signaling 7074S) at a 1:1,000 dilution in 5% milk in PBS for 1 h at room
temperature. The blot was washed three times for 5 min each with PBST
and exposed with 20X LumiGLO Reagent and Peroxide (Cell Signaling
7003).

Motility assays. Three independent colonies representing three bio-
logical replicates were used to inoculate 5 ml of tryptone broth (TB),
which contains 1% (wt/vol) tryptone and 0.5% (wt/vol) sodium chloride,
and grown aerobically with agitation at room temperature. These over-
night cultures were diluted to a final optical density at 600 nm of 0.1 in TB.
Five microliters was inoculated onto the surface of tryptone motility
plates (TB supplemented with 0.25% [wt/vol] agar) and incubated at
28°C, and the diameter was measured over time. The values represent the
means with standard deviations. The experiment included at least three
replicates and was repeated at least once.

RESULTS

A novel RcsB-dependent behavior requires the phosphoryl ac-
ceptor site Asp-56. To determine how acetylation might regulate
RcsB, we monitored ResB activity by using the canonical ResB-
dependent rprA promoter (PrprA) fused transcriptionally to lacZ.
This PrprA-lacZ fusion was carried on prophage \ (8), which we
inserted into its attachment site in the E. coli K-12 BW25113 chro-
mosome. We grew the resultant APrprA-lacZ lysogen (strain
AJW3759, Table 1) at 37°C in buffered tryptone broth (TB7),
monitored [B-galactosidase activity over time, and observed that
rprA transcription peaked during exponential phase (Fig. 2A and
B), a behavior that required the RR RcsB (Fig. 2B).

To further characterize this novel RcsB-dependent behavior,
we asked whether PrprA activity, like other ResB-regulated behav-
iors, depends on the phosphoryl acceptor residue (Asp-56) in the
REC domain of ResB. From a single-copy plasmid, we expressed
WT resB (pLIH002, Table 1) or the D56A mutant allele of rcsB
(pLIHO003, Table 1) in an rcsB null mutant of the NPrprA-lacZ
lysogen (strain AJW4884) and found that WT rcsB complemented
exponential-phase PrprA activity while the resB-D56A allele did
not (Fig. 2C). Since the rcsB-D56A allele carried by pLIH003 in-
hibited the activity of endogenous WT ResB (Fig. 2D), we con-
clude that ResB-D56A is expressed and that exponential-phase
rprA transcription requires Asp-56 of ResB and thus active, phos-
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FIG 2 rprA transcription in exponential phase requires conserved aspartyl
residue 56 of ResB and is regulated by ResC and AcP. (A) PrprA activity of WT
BW25113 cells lysogenized with a NPrprA-lacZ transcriptional fusion (strain
AJW3759) and aerated at 37°C in TB7. Cells were harvested at multiple points
throughout growth to measure Ay, and B-galactosidase activity. The values
represent the means of triplicate independent cultures with standard devia-
tions. (B) PrprA activity of WT cells (AJW3759) and the isogenic rcsB
(AJW4884) mutant. The values represent the means of triplicate independent
cultures with standard deviations. (C) PrprA activity of an resB null mutant
(AJW4884) transformed with a lacZ null derivative of the single-copy expres-
sion plasmid pVEC or with a variant of that vector that encodes the WT rcsB
allele (pLIH002) or the D56A mutant rcsB allele (pLIH003) aerated at 37°C in
TB7 supplemented with 50 wM IPTG. The values represent the means of
triplicate independent cultures with standard deviations. (D) PrprA activity of
WT cells (AJW3759) transformed with pVEC or pVEC encoding WT rcsB
(pLIH002) or the D56A mutant rcsB allele (pLIH003) aerated at 37°C in TB7
supplemented with 50 uM IPTG. The values represent the means of triplicate
independent cultures with standard deviations. (E) PrprA activity of WT
(AJW3759) cells and ackA (AJW3981), ackA pta (AJW4030), resC (AJW3976),
and ackA pta resC (AJW5187) mutant cells aerated at 37°C in TB7. The values
represent the means of triplicate independent cultures with standard devia-
tions. (F) PrprA activity of WT cells transformed with the RcsC expression
plasmid presC (pPSG980), the ResF expression plasmid (pMH300), or the
vector control (pTrc99a) and aerated at 37°C in TB7 supplemented with 50
M IPTG to induce rcsC or rcsF expression. The values represent the means of
triplicate independent cultures with standard deviations.

phorylated ResB. Since both the Res phosphorelay and AcP have
been reported to activate ResB (11, 37, 38), we tested if these phos-
phoryl sources could activate PrprA activity. Because the sensor
protein ResC has been reported to function as either a net kinase
or anet phosphatase (11,37, 38), we assessed the influence of ResC
on rprA promoter activity. First, we deleted rcsC and found that
PrprA activity diminished relative to that of the WT parent (Fig.
2E), indicating that ResC activates PrprA transcription. We then
overexpressed ResC, which is reported to decrease phospho-ResB-
dependent mucoidy (11; see Fig. S1 in the supplemental material),
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FIG 3 AcP can act as a phosphoryl group donor to ResB. Purified Hisg-ResB
peak 2 was incubated in the absence (lane 1) or presence (lanes 2 to 4) of 5 mM
AcP for 30 min at 30°C. A fraction of the reaction mixture was heated at 95°C
for 15 min to hydrolyze the phosphoryl group (lane 4). The reaction products
were separated in a Phos-Tag SDS-polyacrylamide gel, and the gel was stained
with Coomassie brilliant blue.

and observed inhibition. In contrast, RcsF overexpression, which
has been reported to increase mucoidy (11; see Fig. S1), activated
rprA transcription (Fig. 2F). We conclude that endogenous ResC
functions as a net kinase in this genetic background grown under
these conditions. We further propose that the equilibrium be-
tween ResC kinase and phosphatase activities is sensitive to the
ResC concentration.

AckA influences exponential-phase rprA transcription. AcP
hasbeen shown genetically to activate the Asp-56-dependent RcsB
activity required for mucoidy and for inhibition of flagellar bio-
genesis (11). AcP also has been shown both biochemically and
genetically to donate phosphoryl groups to RRs (38). We therefore
assessed the role of AcP in activating RcsB at the 7prA promoter.
To test whether AcP can act as a phosphoryl group donor for ResB,
we used Phos-Tag, a dinuclear metal complex {i.e., 1,3-bis-
[bis(pyridin-2-ylmethyl)amino]propan-2-olato dizinc(II)} that
has affinity for phosphomonoester dianions such as the one found
in a phosphorylated RR. When included in SDS-PAGE, Phos-Tag
slows the migration of the phosphorylated protein, allowing it to
be distinguished from the nonphosphorylated protein by mobility
shift. When purified RcsB was incubated with AcP, we observed a
shifted band that was sensitive to heat (Fig. 3), indicative of a
heat-labile aspartyl phosphate. We conclude that this shifted band
is composed of phosphorylated RcsB and that ResB can catalyze its
own phosphorylation by using AcP as the phosphodonor.

Since AcP can donate its phosphoryl group to ResB in vitro, we
asked whether AcP activates rprA transcription in vivo. The en-
zyme phosphotransacetylase (Pta) converts acetyl-CoA to AcP,
while acetate kinase (AckA) converts AcP to acetate (Fig. 4A).
Deletion of both ackA and pta results in a lack of AcP (10). In
contrast, deletion of ackA alone causes accumulation of AcP (10).
If AcP activated the observed Asp-56-dependent rprA transcrip-
tion, then PrprA activity would be expected to decrease in the ackA
pta double mutant and increase in the ackA null mutant. As pre-
dicted, the ackA pta double mutant displayed a small but repro-
ducible reduction in rprA transcription whether or not resC was
intact (Fig. 2E). These results support the hypothesis that both
AcP and ResC contribute to ResB phosphorylation. Contrary to
expectations, however, rprA transcription was reduced in the ackA
mutant rather than increased (Fig. 2E and 4B). The latter result
suggests that the accumulation of some metabolic intermediate in
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FIG 4 AckA and CobB activate rprA transcription in BW25113. (A) The Pta-
AckA pathway. Glucose is metabolized to acetyl-CoA (AcCoA). Pta reversibly
converts P; and acetyl-CoA to generate AcP and reduced CoA (CoASH). AckA
reversibly converts AcP and ADP to ATP and excreted acetate. (B) WT cells
lysogenized with NPrprA-lacZ (AJW3759) and the isogenic ackA (AJW3981)
and cobB (AJW5011) mutants were aerated at 37°C in TB7. Cells were har-
vested at multiple points throughout growth to measure A4, and B-galacto-
sidase activity. The values represent the means of triplicate independent cul-
tures with standard deviations. (C) Peak 3-galactosidase activities between
Agoos of 0.6 and 0.8 of WT (AJW3759) cells aerated at 37°C in TB7 in the
presence or absence of increasing concentrations of NAM. The values indicate
the average of triplicate independent cultures with standard deviations.

the ackA mutant inhibits RcsB activity. We reasoned that this in-
hibitory mechanism might involve protein acetylation because we
have observed that a deletion of ackA changes the acetylation pro-
file of RNA polymerase (36) and enhances global E. coli protein
acetylation (B. Zemaitaitis and A. J. Wolfe, unpublished results).
We thus considered the possibility that protein acetylation was
involved in the reduced rprA transcription exhibited by the ackA
mutant.

The deacetylase CobB activates PrprA activity and regulates
RcsB acetylation in vive. Consistent with the hypothesis that
acetylation may regulate rprA transcription, others have reported
that ResB could be acetylated in vitro, that this acetylation reduces
ResB DNA binding affinity, and that this acetylation can be re-
versed by CobB (14). We therefore tested if protein acetylation
inhibits rprA transcription. In the absence of cobB, which encodes
the only known E. coli deacetylase, there was a strong reduction in
rprA transcription compared to that of its WT parent, similar to
that of the ackA mutant (Fig. 4B). Similar results were obtained
when WT cells were grown in the presence of NAM, an inhibitor
of CobB (39) (Fig. 4C). We conclude that CobB enhances rprA
transcription, likely by deacetylating some protein that inhibits
rprA transcription in its acetylated form.

Because deletion or inhibition of CobB reduced PrprA activity
(Fig. 4B and C) and since CobB deacetylates Lys-180"° of RcsB in
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vitro (14), we investigated whether RcsB was acetylated in vivo and
whether CobB regulates RcsB deacetylation in vivo. We first at-
tempted to detect acetylated endogenous ResB but failed because
the concentration of RcsB was too low. We therefore used
pHis6rcsB (31) to overexpress ResB in WT cells and in isogenic
cobB mutant cells and grew the resulting transformants in TB7
supplemented with and without NAM. For each strain and con-
dition, we performed four biological replicates in parallel and pre-
pared cell lysates. We excised ResB protein from each SDS-poly-
acrylamide gel and evaluated the acetylation status by Orbitrap
Velos LC-MS/MS analysis. To ensure comparable protein abun-
dances for tryptic digestion and MS analysis, the RcsB proteins
obtained from all of the strains were processed in parallel and
similar protein concentrations were loaded onto an SDS-poly-
acrylamide gel. This allowed us to use the Scaffold software to
perform a semiquantitative comparison of abundances (given as
SCs [40]) for each detected peptide that contained an acetylated
lysine (Table 2; see Tables S1 to S3 in the supplemental material).

ResB is acetylated in vivo. In four parallel bioreplicates of the
untreated WT strain, Orbitrap Velos MS reproducibly detected
the acetylation of four lysine residues, Lys-72, Lys-125, Lys-128,
and Lys-154. Each acetylated lysine was identified by at least one
SCin at least two replicates, with an average total SC of 4.0 over all
four replicates (Table 2; see Table S1A to D in the supplemental
material).

CobB affects RcsB acetylation in vivo. In the cobB mutant, MS
reproducibly detected the acetylation of eight lysine residues, the
four listed above plus Lys-118, Lys-140, Lys-149, and Lys-180 (Ta-
ble 2; see Table S2A to D in the supplemental material). In the
parent strain treated with NAM, MS also reproducibly detected
the acetylation of eight lysine residues, the first seven identified in

TABLE 2 SCs of lysine-acetylated RcsB peptides isolated from WT cells,
cobB mutants, and WT cells exposed to NAM*

Avg SC? SC ratio”
Acetylated cobB
lysine WT  mutant WT +NAM  c0bB/WT  NAM/WT
72 1.0 0.8 1.0 0.8 1.0
118 0.0 3.0 2.3 >3.0° >2.3
125 1.5 2.0 1.5 1.3 1.0
128 0.5 0.8 1.0 1.5 2.0
140 0.0 2.0 0.8 >2.0 >0.8
149 00 15 15 >15 >15
154 1.0 2.0 2.0 2.0 2.0
173 0.0 0.0 0.5 NA >0.5
180 0.0 0.5 0.0 >0.5 NA
Total 4.0 12.5 10.5 3.1 2.6

@ Average SCs of detected lysine acetylation sites in the WT, the isogenic cobB mutant,
and the WT treated with NAM are shown. For the SCs of the detected lysine acetylation
sites in each replicate and the peptide scores and mass deviations, as well as the
complete MS/MS spectra and fragment ion series, see Table S1A to D, S2A to D, and
S3A to D in the supplemental material, where A to D denote the four bioreplicates.

b Using data obtained from Scaffold 3 proteome software, the SCs of four biological
replicates of each strain and condition were determined manually, averaged over the
four replicates, and compared as ratios of the mutant or the treated WT relative to the
untreated WT.

“ When the SC of a peptide with an acetylated lysine in the cobB mutant or in the NAM-
treated WT is greater than the SC of the same peptide in the untreated WT control, the
ratio is underlined. A ratio of >n refers to any acetylated peptide that was not detected
in the WT (SC = 0) but was detected in the cobB mutant or the NAM-treated WT

(SC = n).
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TABLE 3 SCs of lysine acetylated ResB peptides isolated from WT cells
or ¥fiQ, cobB, or ackA mutant cells”

Avg SC? SC ratio”

Acetylated cobB  ackA  yfiQ

lysine WT mutant mutant mutant cobB/WT ackA/WT yfiQ/WT
63 1.0 1.0 1.5 0.0 1.0 1.5 0.0
72 20 0.5 4.5 2.0 0.3 2.3° 1.0
118 1.5 35 4.5 2.5 24 3.0 1.7
125 1.5 1.5 2.0 1.5 1.0 1.4 1.0
128 0.5 2.0 1.0 0.0 4.0 2.0 0.0
140 0.0 1.5 0.5 0.0 >1.5 >0.5 0.0
149 0.0 0.5 0.0 0.0 >0.5 0.0 0.0
154 0.5 3.0 2.0 1.0 6.0 4.0 2.0
173 1.5 0.0 0.0 1.5 0.0 0.0 1.0
180 0.0 1.0 1.0 0.0 >1.0 >1.0 0.0
Total 8.5 14.5 17.0 8.5 1.7 2.0 1.0

“ Average SCs of detected lysine acetylation sites in the WT and isogenic cobB, ackA,
and yfiQ mutants. For the SCs of the detected lysine acetylation sites in each replicate
and the peptide scores and mass deviations, as well as the complete MS/MS spectra and
fragment ion series, see Tables S4A and B, S5A and B, S6A and B, and S7A and B in the
supplemental material, where A and B denote the two bioreplicates.

b Using data obtained from Scaffold 3 proteome software, the SCs of two biological
replicates of each strain were determined manually, averaged over the two replicates,
and compared as ratios of the mutants relative to the untreated WT.

¢ When the SC of a peptide with an acetylated lysine in a mutant is less than the SC of
the same peptide in the WT control, the ratio is italicized. When the SC of a peptide
with an acetylated lysine in a mutant is greater than the SC of the same peptide in the
WT control, the ratio is underlined. A ratio of >n refers to any acetylated peptide that
was not detected in WT (SC = 0) but was detected in a mutant (SC = n).

the cobB mutant and Lys-173 instead of Lys-180 (Table 2; see
Table S3A to D). Furthermore, the acetylated peptides were more
abundant in the cobB mutant (average total SC of 12.5) and in the
NAM-treated parent strain (average total SC of 10.5) than in the
parent control (average total SC of 4.0). However, these SC in-
creases were not distributed evenly over all of the acetylated
lysines, suggesting that CobB does not regulate all of the acetylated
ResB lysines similarly. For example, the average SC for peptides
containing acetylated Lys-72 or Lys-125 did not differ significantly
between strains or conditions; in contrast, we reproducibly de-
tected the acetylation of three residues (Lys-118, Lys-140, and Lys-
149) in the cobB mutant and the NAM-treated parent that was not
detected in the untreated parent (Table 2). We conclude that RcsB
is acetylated in vivo and that CobB may promote the deacetylation
of certain ResB lysines in vivo.

AckA impacts the acetylation status of RcsB in vivo. If RcsB
acetylation is responsible for the weak rprA transcription in the
ackA mutant, then the ResB acetylation pattern of the ackA mu-
tant should differ from that of WT cells and perhaps resemble that
of the cobB mutant. We therefore overexpressed RcsB in the WT
strain and its isogenic ackA and cobB mutants, separated the pro-
teins by SDS-PAGE, and subjected the tryptic digests to MS as
described above. Once again, we performed replicate experiments
in parallel and processed the same amount of protein from all of
the samples so that we could compare the SCs for each acetylated
peptide in each mutant with those of the WT. When comparing
the results of this experiment (Table 3) to those of the previously
described experiment (Table 2), we noticed a general increase in
the numbers of detected acetylated lysine residues and their SCs.
We attribute this difference primarily to the larger amounts of
ResB analyzed in the second experiment, which was performed a
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year later, and to the use of a different LC column prior to Or-
bitrap Velos MS.

The general pattern, however, was reproducible; acetylated
peptides were more abundant in the cobB mutant (average total
SC of 14.5) than in the parent control (average total SC of 8.5)
(Table 3), supporting the conclusion that CobB may deacetylate
ResB in vivo. For the parent, we reproducibly detected the acety-
lation of five lysine residues, each identified by an SC of 1 to 2 per
replicate (Table 3; see Table S4A and B in the supplemental mate-
rial). For the cobB mutant, we observed reproducible acetylation
of seven lysines, each identified by an SC of 1 to 4 per replicate
(Table 3; see Table S5A and B). Moreover, some acetylated pep-
tides were reproducibly more abundant than the same peptides
from the parent, suggesting that CobB deacetylates these sites in
vivo.

As predicted, the acetylation profile of ResB isolated from the
ackA mutant (Table 3; see Table S6A and B in the supplemental
material) generally resembled that of the cobB mutant (Table 3; see
Table S5A and B). Of the seven ResB lysines acetylated in the cobB
mutant, six were reproducibly acetylated in the ackA mutant. Sev-
eral acetylated lysines (Lys-118, Lys-128, and Lys-154) were de-
tected more often in both mutants than in their WT parent. Like
ResB from the cobB mutant (average total SC of 14.5), acetylated
peptides from the ackA mutant were 2-fold more abundant (av-
erage total SC of 17) than the same peptides from WT cells (aver-
age total SC of 8.5). We conclude that disruption of ackA pro-
motes the acetylation of some RcsB lysines in vivo. We further
propose that the reduction in rprA transcription in the ackA and
cobB mutants results from the same mechanism, an increase in
ResB acetylation.

YfiQ regulates PrprA activity independently of RcsB acetyla-
tion. Because S. enterica Pat and its E. coli homolog YiQ were
reported to acetylate E. coli ResB in vitro and inhibit its ability to
bind DNA (14), we asked if the acetyltransferase YfiQ affects
PrprA activity and found that it does; deletion of yfiQ inhibited
rprA transcription (Fig. 5). We therefore investigated whether
YfiQ affects ResB acetylation in vivo. However, the acetylation
profile of ResB isolated from the yfiQ mutant did not differ much
from that of its parent (Table 3; see Table S7A and B in the sup-
plemental material). While not identical, the lysine acetylation
sites were quite similar. Most notably, the overall SCs of the yfiQ
mutant and its parent were identical (average total SC of 8.5) and
there was no substantial change in the SC for individual acetylated
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FIG 5 Analysis of the effect of YfiQ at the rprA promoter. ArprA of WT cells
(AJW3759) and the isogenic yfiQ null mutant (AJW3797) were grown at 37°C
in TB7 with shaking. Samples were harvested for A, and (-galactosidase
activity measurements. The values represent the average of triplicate indepen-
dent cultures, and error bars indicate standard deviations.

Journal of Bacteriology


http://jb.asm.org

A

12345678 910

100 i
00 < YfiQ

50
37

25 < ResB

w

.02 mM RcsB

wo

]
M 0.30 mM RcsB

o
)
3

0.125

Activity
(nmol/min/mg)

RcsB-1

RcsB-2

YfiQ

FIG 6 Invitro acetylation of ResB. (A) In vitro acetylation reactions with ResB,
YfiQ, and acetyl-CoA. Fifty-microliter reaction mixtures containing 21 uM
ResB-1 or -2, 2 M YfiQ, and 0.4 mM acetyl-CoA were incubated at 37°C for
2 h. The reactions were quenched with 50 wl of 2X SDS-PAGE loading buffer,
and the mixtures were heated at 95°C for 5 min. Fifteen microliters was re-
solved by 13% SDS-PAGE, proteins were transferred, and acetylated proteins
were detected by Western immunoblotting with anti-acetyl-lysine antibody.
Lane 1, YfiQ alone; lane 2, YAiQ plus acetyl-CoA; lane 3, RcsB-1 alone; lane 4,
ResB-2 alone; lane 5, ResB-1 plus acetyl-CoA; lane 6, ResB-2 plus acetyl-CoA;
lane 7, YAiQ plus ResB-1; lane 8, YiQ plus ResB-2; lane 9, YAQ plus ResB-1 plus
acetyl-CoA; lane 10, YfiQ plus ResB-2 plus acetyl-CoA. These results are rep-
resentative of three independent experiments. The high-molecular-weight sig-
nal in lanes 1, 2, 9, and 10 corresponds to acetylated YfiQ. The acetylated sites
were determined by semiquantitative MS (see Table S9A to E in the supple-
mental material). MS also identified the signal visible between the 37- and
50-kDa markers in lanes 2, 9, and 10 as the 43.3-kDa EF-Tu protein and
determined the acetylated sites (see Table S10). MS identified the signal be-
tween the 25- and 37-kDa markers in lanes 9 and 10 as the 29.9-kDa RplB
protein and determined its acetylated sites (see Table S11). The values to the
left are molecular sizes in kilodaltons. (B) Activity of YAiQ with different con-
centrations of ResB1 and ResB2. Fifty-microliter reaction mixtures containing
0.02 mM Y£iQ were incubated at 25°C for 1 h. To initiate the reaction, 0.5 mM
acetyl-CoA was used. Activity (nmol/min/mg) is shown as the average of three
separate trials. Black bars correspond to 0.02 mM ResB, and red bars corre-
spond to 0.3 mM RcsB.

lysines. Thus, the acetyltransferase YfiQ appears to have no effect
on the acetylation status of ResB in vivo under this growth condi-
tion. We conclude that YfiQ enhances rprA transcription by acety-
lating a protein other than ResB.

In vitro acetylation of RcsB. Since our in vivo observations
argue that YfiQ does not regulate the acetylation status of RcsB
(Table 3; see Table S7A and B in the supplemental material) but
the published in vitro results show that YfiQ can acetylate RcsB
(14), we investigated the effect of purified YfiQ on the acetylation
status of purified ResB. We first purified ResB by gel filtration
chromatography, finding that the 23.7-kDa RcsB protein purified
from WT E. coli cells resolved into two peaks with estimated mo-
lecular masses of 100 kDa (high molecular weight or peak 1 [RcsB-
1]) and 60 kDa (low molecular weight or peak 2 [ResB-2]) (see Fig.
S2A). Dynamic light scattering revealed that monodisperse solu-
tions of ResB-1 and ResB-2 have globular species with exclusion
radii of 8.9 and 7.2 nm, respectively (see Fig. S2B and C). Taken
together, these results are consistent with the formation in solu-
tion of both tetramers (RcsB-1) and dimers (RcsB-2).

Anti-acetyllysine immunoblot analysis detected the acetylation
of purified YAQ (Fig. 6A). It also detected the acetylation of

September 2013 Volume 195 Number 18

Acetylation Regulates Transcription

ResB-1 and ResB-2, but this acetylation was visible only after a
long exposure (see Fig. S3 in the supplemental material). This
suggests that YfiQ and a small fraction of both RcsB oligomers
were acetylated under the conditions used for purification. In-
deed, Orbitrap Velos mass spectrometric analysis (33, 41) de-
tected 10 acetylated lysines in ResB-1 (Table 4; see Table S8A), 9
acetylated lysines in RcsB-2 (Table 4; see Table S8D), and 8 acety-
lated lysines in YfiQ (see Table S9A to C). The average total SCs of
acetylated peptides for both ResB-1 (SC of 22) and ResB-2 (SC of
20) were similar. The distributions of acetylated RcsB peptides
also were similar but not identical.

For both ResB oligomers, incubation with acetyl-CoA dramat-
ically increased acetylation (Fig. 6A, compare lanes 5 and 6 to lanes
3 and 4) and increased the abundance of acetylated RcsB peptides
by about 2-fold (Table 4; see Table S8B and E in the supplemental
material). The distribution of acetylated lysines differed some-
what between the two oligomers. This difference suggests the pos-
sibility that the oligomeric structure could influence the acetyla-
tion pattern. For YfiQ, incubation with acetyl-CoA also detected
increased acetylation of YiQ (Fig. 6A, compare lane 2 to lane 1; see
Table S9D and E), suggesting that YAQ might autoacetylate.

To determine whether RcsB can be a substrate of YAQ, we used
abiochemical assay that detects acetyl-CoA hydrolysis (35). When
ResB and acetyl-CoA were present at saturating concentrations,
the activity of YAQ toward either RcsB-1 or ResB-2 was nearly the
same (Fig. 6B). For both oligomers, acetyl-CoA hydrolysis in-
creased as the concentration of RcsB was increased; incubation of
0.02 mM YfiQ with 15 times the concentration of RcsB (0.30 mM)
hydrolyzed more acetyl-CoA than incubation with an equimolar
concentration of RcsB (0.02 mM). This behavior indicates that
ResB acts as a substrate of YAiQ. We also found that YAQ hydro-
lyzed acetyl-CoA (see Fig. S4 in the supplemental material), add-
ing support to the supposition that YfiQ might autoacetylate.

To identify the ResB lysines acetylated in the presence of YfiQ,
we used mass spectrometric analysis (33, 41). Following the incu-
bation of either RcsB oligomer with YfiQ and acetyl-CoA, we ob-
served acetylation of Lys-180, consistent with the previous report
that YfiQ acetylates Lys-180 in vitro (14), but we also observed
YfiQ-dependent acetylation of several other RcsB lysines, Lys-125,
Lys-127, Lys-149, and Lys-186 (Table 4; see Table S8C and F in the
supplemental material). Surprisingly, incubation with both
acetyl-CoA and YfiQ did not dramatically change the abundance
of acetylated lysines relative to that seen upon incubation with
acetyl-CoA alone (Table 4; see Table S8B and E). Anti-acetyl-
lysine immunoblot analysis yielded a similar result (Fig. 6A, com-
pare lanes 9 and 10 to lanes 5 and 6). Instead, the pattern of acet-
ylation changed. For some residues, the level of acetylation
increased relative to their status after incubation with acetyl-CoA
alone. For other residues, the acetylation decreased (Table 4). For
example, both RcsB-1 and ResB-2 exhibited increased SCs
for acetylated Lys-125, Lys-180, and Lys-186. In contrast, the SC
for acetylated Lys-140 of RcsB-1 decreased by more than 5-fold
(Table 4). While these in vitro results show that YfiQ can affect the
acetylation status of multiple RcsB lysines, our in vivo results
showing that YfiQ does not affect RcsB acetylation (Table 3; see
Table S7A and B) argue against a direct role for YfiQ in RcsB
acetylation, at least under the conditions tested.

Analysis of the function of acetylated RcsB lysines in rprA
transcription. In the absence of ackA or cobB, rprA transcription
was inhibited and RcsB acetylation increased. One ResB lysine
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TABLE 4 SCs of acetylated peptides of ResB?

ResB-1 ResB-2
Avg SC* SC ratio” Avg SC SC ratio
Acetylated Acetyl-CoA Acetyl-CoA + Acetyl-CoA Acetyl-CoA +
lysine Control ~ Acetyl-CoA  + YfiQ Acetyl-CoA/control ~ YfiQ/acetyl-CoA  Control — Acetyl-CoA  + YfiQ Acetyl-CoA/control  YfiQ/acetyl-CoA
63 2.0 1.0 0.0 0.5¢ 0.0 0.0 0.0 0.0 NA NA
72 2.0 2.0 1.5 1.0 0.8 0.5 2.5 1.5 5.0 0.6
118 5.5 7.0 10.0 1.3 1.4 6.0 8.5 10.5 1.4 1.2
125 2.0 4.0 13.5 2.0°¢ 3.4 3.0 4.0 9.0 1.3 23
127 0.0 1.0 2.0 >1.0 2.0 0.0 1.0 2.0 >1.0 2.0
128 3.0 4.0 6.0 1.3 1.5 1.5 4.5 7.0 3.0 1.6
140 0.5 19.0 3.0 38.0 0.2 0.0 3.0 35 >3.0 12
149 1.0 2.0 5.0 2.0 2.5 25 5.0 5.0 2.0 1.0
154 3.5 8.0 4.5 2.3 0.6 3.0 6.5 5.0 22 0.9
173 2.0 2.0 2.5 1.0 1.3 1.0 2.5 2.0 2.5 0.8
180 0.5 1.0 6.0 2.0 6.0 1.5 25 6.5 1. 23
186 0.0 1.0 3.0 >10 3.0 1.0 05 25 0.5 5.0
Total 22 52 57 2.4 1.1 20 40.5 54.5 2.0 1.3

“ Average SCs of detected lysine acetylation sites in purified ResB (control), purified ResB incubated with acetyl-CoA, or purified ResB incubated with acetyl-CoA plus YfiQ are
shown. For the SCs of the detected lysine acetylation sites in each replicate and the peptide scores and mass deviations, as well as the complete MS/MS spectra and fragment ion
series, see Table S10A to F in the supplemental material, where A to C, respectively, denote ResB-1 alone, ResB-1 incubated with acetyl-CoA, and ResB-1 incubated with both
acetyl-CoA and YfiQ and D to F, respectively, denote RcsB-2 alone, ResB-2 incubated with acetyl-CoA, and ResB-2 incubated with both acetyl-CoA and YfiQ.

b Using data obtained from Scaffold 3 proteome software, the SCs of two replicates of each condition were determined manually, averaged over the two replicates, and compared as
the ratio of the SC detected for ResB incubated with acetyl-CoA or with acetyl-CoA and YfiQ to the SC detected with purified ResB alone.

¢ When the SC of a peptide with an acetylated lysine following acetyl-CoA incubation is substantially more than the SC of the same peptide in the absence of acetyl-CoA or if the SC
of a peptide with an acetylated lysine following incubation with both acetyl-CoA and YfiQ is substantially more than the SC of the same peptide in the presence of acetyl-CoA alone,
the ratio is underlined. If the ratio is substantially less, then it is italicized. A ratio of >n refers to any acetylated peptide that was not detected in the absence of acetyl-CoA (SC = 0)

but was detected in the presence of acetyl-CoA (SC = n).

(Lys-154) that was reproducibly more acetylated in the mutants
than in the WT parent (Tables 2 and 3) was found to be critical for
ResB activity. To assess the effect of acetylation on ResB function,
we applied an approach commonly used in studies of acetylation
in eukaryotes (42), converting this AckA- and/or CobB-sensitive
lysine to a glutamine (which mimics a neutral, acetylated lysine)
or to an arginine (which mimics a positive, nonacetylatable
lysine). We introduced this rcsB variant (carried by pVEC) into
the resB null strain (AJW4884) and monitored PrprA activity. The
acetylated and nonacetylated mimics of Lys-154 exhibited oppo-
site behaviors. The mimic of acetylated Lys-154 (RcsB-K154Q)
exhibited a strong reduction in PrprA activity, a behavior that was
indistinguishable from that of the vector control (Fig. 7A), the
nonphosphorylatable mutant ResB-D56A, and the ResB-K154A
mutant (data not shown). This contrasted with the behavior of the
nonacetylated mimic (RcsB-K154R), which more closely resem-
bled that of the WT protein (Fig. 7A). We next tested whether the
inability of ResB-K154Q to support PrprA activity was due to a
lack of expression or to a loss of function. To do so, we took
advantage of the report that RcsB inhibits migration through
semisolid agar by repressing the transcription of flhDC, which
encodes the master regulator of flagellar biosynthesis (11, 43). We
investigated if the expression of the mutant rcsB alleles could in-
hibit the migration of highly motile strain AJW3331. Indeed, each
mutant rcsB allele (D56A, K154A, K154Q, and K154R) inhibited
migration to a level similar to that of the WT allele (Fig. 7B). We
conclude that the mutants are expressed and that they retain func-
tion. We therefore propose that the positive charge of Lys-154 is
critical to ResB-dependent activation of rprA transcription and
that acetylation of Lys-154 may regulate RcsB activity.

DISCUSSION

Given the diversity of the bacterial proteins that have been de-
tected to be acetylated (44-46), there is great potential for this
PTM to impact many facets of bacterial physiology. However, the
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FIG 7 Analysis of the role of Lys-154 in rprA transcription and migration. (A)
PrprA activity of rcsB mutant (AJW4884) cells transformed with the single-
copy plasmid pVEC or pVEC carrying the WT and K154 mutant rcsB alleles.
Cells were aerated at 37°C in TB7 supplemented with 50 pM IPTG. (B) Mi-
gration analysis of the highly motile WT strain (AJW3331) transformed with
pVEC or pVEC carrying the WT and mutant rcsB alleles. The histogram shows
the last measurement of an experiment with an 8.5-h time course. These results
are representative of the whole experiment.
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study of bacterial protein acetylation is young and many funda-
mental questions remain unanswered. In this report, we describe
genetic and biochemical analyses of ResB acetylation that have led
to four key findings. First, we provided the first evidence that in
vivo acetylation of a bacterial transcription factor could regulate
its activity. Second, we verified that ResB is a substrate of CobB
(14) and showed that it regulates the acetylation status of RcsB in
vivo. Third, we showed that rprA transcription is activated by YfiQ
but likely not by direct acetylation of ResB. Since YfiQQ is the only
known protein acetyltransferase in E. coli, this result suggests that
other mechanisms of acetylation might exist in E. coli. Fourth, we
showed that the Pta-AckA pathway influences protein acetylation.

Both phosphorylation and acetylation regulate rprA tran-
scription. Majdalani et al. reported that PrprA activity and rprA
RNA levels depend on ResB. As cultures transition into stationary
phase, rprA RNA levels increase 8-fold, while PrprA activity in-
creases only 2.5-fold. Thus, these authors proposed that RprA is
stabilized during the transition, allowing accumulation in station-
ary phase. The net result is increased expression of the alternative
sigma factor a° (8, 47). We have extended this model, showing
that PrprA activity, and thus RprA synthesis, can peak during ex-
ponential growth in buffered tryptone broth (Fig. 2A and B).
While the physiological impact of this novel behavior remains
obscure, it has given us a unique opportunity to investigate the
effect that Ne-lysine acetylation exerts on the function of a phos-
phorylated transcription factor.

Like other reported RcsB-activated behaviors, this exponential
burst of rprA transcription requires the phosphoacceptor site (Asp-
56) of ResB (Fig. 2C). Like many of these behaviors, this novel expo-
nential-phase 7prA transcription required the kinase activity of bi-
functional ResC (Fig. 2E). It also involved AcP, as reported previously
for two other ResB-regulated promoters, those of cps and flhD (11).
In this study, we showed that purified RcsB can become phosphory-
lated when incubated with AcP (Fig. 3).

If AcP donates its phosphoryl group to ResB, then why is phos-
pho-RcsB-dependent rprA transcription inhibited in the ackA
mutant? The answer appears to be acetylation. Escalante-Semer-
ena and colleagues previously reported that ResB could become
acetylated on Lys-180 in vitro by YAQ or Pat, the S. enterica YAQ
homolog, and deacetylated by CobB (14). We have confirmed this
report and extended its significance. We confirmed that YfiQ
acetylates RcsB in vitro (Table 4 and Fig. 6). We further showed
that ResB acetylation occurs in vivo on multiple lysines (Tables 2
and 3) and that both CobB and AckA affect ResB acetylation in
vivo (Fig. 4). We also provided genetic evidence that acetylation of
a specific lysine may exert an effect on ResB activity (Fig. 7).

What is the effect of acetylation on RcsB? We propose that the
positive charge at position 154 is required for RcsB-dependent
rprA transcription and that acetylation of Lys-154 would inhibit
ResB activity, possibly by interfering with the binding of ResB to
its DNA site. In the absence of ackA or cobB, rprA transcription
diminished (Fig. 4B) and acetylation of Lys-154 increased sub-
stantially (Table 3). Furthermore, a genetic mimic of acetylated
Lys-154 (ResB-K154Q) appeared inactive at the rprA promoter,
while a genetic mimic of nonacetylated Lys-154 (RcsB-K154R)
remained active (Fig. 7A). Our proposal is supported by a previ-
ous report on the structural analysis of the Erwinia amylovora
RcsB DNA-binding domain (48). The authors reported that Lys-
153 of E. amylovora RcsB (homologous to Lys-154 in E. coli ResB),
positioned in supporting helix a7 of the DNA-binding helix-turn-

September 2013 Volume 195 Number 18

Acetylation Regulates Transcription

helix motif, is capable of interacting with DNA. Because the RcsB-
K154Q and ResB-K154R mutants retained the ability to inhibit
migration on semisolid agar plates (Fig. 7B), which requires the
binding of ResB to the fThDC promoter, acetylation could impact
some later event in the initiation of rprA transcription, such as the
recruitment of RNA polymerase. However, while the inhibition of
migration provides evidence that the mutant proteins are func-
tional and that ResB does not require Lys-154 to bind at the fThDC
promoter, it does not directly address the role of Lys-154 at the
rprA promoter. This is because the fIhDC promoter is quite com-
plex and the binding of the mutant RcsB proteins could be aided
by one of the many proteins that also regulate flhDC.

CobB regulates RcsB acetylation. CobB enhanced PrprA ac-
tivity (Fig. 4B and C), suggesting that CobB activates by deacety-
lating some acetylated protein. Given that we found that ResB is
hyperacetylated in the cobB mutant (Tables 2 and 3), we propose
that acetylation of RcsB is responsible for reducing PrprA activity
and that CobB regulates the deacetylation of certain RcsB lysines
in vivo. While certain RcsB lysines (e.g., Lys-118 and Lys-154)
appeared to be sensitive to CobB (i.e., they exhibited increased
acetylation in the absence of CobB activity (Tables 2 and 3), others
(e.g., Lys-72 and Lys-125) appeared to be insensitive to CobB,
suggesting that some acetylated lysines are not deacetylated or that
some as-yet-unknown deacetylase or other deacetylation mecha-
nism exists.

Does AckA influence protein acetylation? We hypothesize
that AckA is a regulator of protein acetylation. We base this hy-
pothesis on the following observations. First, we showed that RcsB
is hyperacetylated when isolated from the ackA mutant and that its
acetylation profile was similar to that of ResB isolated from the
cobB mutant (Table 3). Second, we previously reported that the
acetylation pattern of RNA polymerase isolated from an ackA mu-
tant grown in the presence of glucose is substantially different
from the pattern obtained with the WT parent (36). Indeed, pre-
liminary analyses show that ackA mutants exhibit a dramatic in-
crease in global protein acetylation that is eliminated when pta is
also deleted (Zemaitaitis and Wolfe, unpublished). Efforts to un-
derstand the underlying mechanism are under way.

Does a lysine acetyltransferase regulate RcsB? The mecha-
nism by which ResB becomes acetylated in vivo remains unknown.
Deletion of yfiQ diminished rprA transcription (Fig. 5), suggesting
that YiQ is an activator of rprA transcription. However, YfiQ is
unlikely to act directly upon RcsB, as deletion of yfiQ did not exert
a major effect on the acetylation status of ResB (Table 3). Further
support for the proposition that YiQ is not the physiological
acetyltransferase for RcsB acetylation comes from the observation
that deletion of yfiQ enhances migration in semisolid agar rather
than inhibiting it as predicted if the main role of YAQ were to
acetylate Lys-180 and thus inhibit the binding of ResB to its DNA
site (J. Escalante-Semerena, personal communication).

If YAIQ does not acetylate ResB in vivo, two scenarios are pos-
sible, the existence of another protein acetyltransferase or a mech-
anism that does not involve an acetyltransferase. The ability of
purified ResB to become acetylated when incubated with acetyl-
CoA alone is suggestive of an alternative mechanism of acetylation
(Fig. 6 and Table 4). It is unlikely that purified RcsB was contam-
inated by an acetyltransferase, as in-solution mass spectrometric
analysis did not detect a contaminating acetyltransferase (data not
shown). An alternative is that RcsB autoacetylates in vivo with
acetyl-CoA as the acetyl donor. This mechanism is not unprece-

jb.asm.org 4183


http://jb.asm.org

Hu et al.

dented, as others have reported the autoacetylation of several
other proteins (49-52), including proteins in the mitochondrion,
where little is known about a potential mitochondrial lysine
acetyltransferase(s) and the conditions are favorable for acetyl-
CoA-dependent lysine acetylation, i.e., an alkaline pH (~8.0) and
a high acetyl-CoA concentration (~5 mM) (53-55).

Why is RcsB regulated by both aspartyl phosphorylation and
Ne-lysine acetylation? Since RcsB regulates over 100 different
genes that are involved in many aspects of bacterial physiology, it
is likely that acetylation affects other RcsB-regulated promoters.
Regulation of ResB with a simple phosphorylation-dependent
“on-off” switch may not provide enough sophisticated control of
gene expression. Indeed, this study shows that ResB can be post-
translationally modified in vivo on eight different residues (i.e.,
phosphorylated on Asp-56 and acetylated on at least seven
lysines), raising the opportunity for 256 different isoforms. The
existence of multiple ResB isoforms could increase functional di-
versity, which could dictate promoter specificity or affinity for the
diverse ResB-interacting proteins (5). Furthermore, multiple and
different modifications could interact (56). In bacteria, such an
interaction is not unprecedented. In Mycoplasma pneumoniae,
serine/threonine/tyrosine phosphorylation and Ne-lysine acetyla-
tion are common comodifiers of the same proteins and phosphor-
ylation and acetylation are proposed to regulate each other (57).
Like ResB, CheY is an RR that can be coregulated by phosphory-
lation and acetylation and these modifications of CheY inhibit
each other (58-65). Additionally, we show that RcsB can form
dimers or tetramers (see Fig. S2 in the supplemental material), a
behavior that has been described for some other RRs (66—68).

Concluding remarks. In summary, we propose that RcsB can
become acetylated on multiple lysines in vivo. We further propose
that one of these acetylations (Lys-154) inhibits the ability of RcsB
to activate rprA transcription in vivo. Much remains to be learned,
including the mechanism(s) by which RcsB becomes acetylated,
how acetylation inhibits ResB function, whether acetylation inter-
acts with phosphorylation, and how the Pta-AckA pathway regu-
lates protein acetylation.
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