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Abstract

Ne-lysine acetylation is an abundant posttranslational modification of thousands

of proteins involved in diverse cellular processes. In the model bacterium Esc-

herichia coli, the e-amino group of a lysine residue can be acetylated either cata-

lytically by acetyl-coenzyme A (acCoA) and lysine acetyltransferases, or

nonenzymatically by acetyl phosphate (acP). It is well known that catalytic ac-

CoA-dependent Ne-lysine acetylation can be reversed by deacetylases. Here, we

provide genetic, mass spectrometric, structural and immunological evidence

that CobB, a deacetylase of the sirtuin family of NAD+-dependent deacetylases,

can reverse acetylation regardless of acetyl donor or acetylation mechanism. We

analyzed 69 lysines on 51 proteins that we had previously detected as robustly,

reproducibly, and significantly more acetylated in a cobB mutant than in its

wild-type parent. Functional and pathway enrichment analyses supported the

hypothesis that CobB regulates protein function in diverse and often essential

cellular processes, most notably translation. Combined mass spectrometry, bio-

informatics, and protein structural data provided evidence that the accessibility

and three-dimensional microenvironment of the target acetyllysine help deter-

mine CobB specificity. Finally, we provide evidence that CobB is the predomi-

nate deacetylase in E. coli.

66 ª 2014 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.



Received: 31 July 2014; Revised: 21 October

2014; Accepted: 24 October 2014

MicrobiologyOpen 2015; 4(1): 66–83

doi: 10.1002/mbo3.223

aThese authors contributed equally to this

study.

Introduction

Ne-lysine acetylation in eukaryotes is emerging as an

abundant posttranslational modification that influences

function, structure, stability, and/or location of thousands

of proteins involved in diverse cellular processes (Glozak

and Seto 2007; Yang and Seto 2008a; Choudhary et al.

2009, 2014; Hebert et al. 2013; Rardin et al. 2013). Recent

reports provide compelling evidence that Ne-acetylation is

also an abundant posttranslational modification in bacte-

ria (Zhang et al. 2009, 2013; Wang et al. 2010; Kim et al.

2013; Lee et al. 2013; Weinert et al. 2013; Wu et al. 2013;

Kuhn et al. 2014).

Two distinct mechanisms to acetylate bacterial proteins

have been proposed. The first mechanism is enzymatic

(Fig. 1i), relying on a lysine acetyltransferase (KAT) to cata-

lyze the donation of the acetyl group from acetyl-coenzyme

A (acCoA) to the e-amino group of a lysine residue (Hu

et al. 2010; Soppa 2010; Jones and O’Connor 2011; Kim

and Yang 2011; Thao and Escalante-Semerena 2011). In

Escherichia coli, only one KAT has been identified. Known

as YfiQ (also as Pat, PatZ, Pka, and Pla), this KAT belongs

to the ubiquitous Gcn5-like family of acetyltransferases

(GNATs) (Starai and Escalante-Semerena 2004). In con-

trast, the second mechanism is nonenzymatic (Fig. 1ii).

Acetyl phosphate (acP), the high-energy intermediate of the

phosphotransacetylase (Pta) – acetate kinase (AckA) path-

way (Wolfe 2005) directly donates its acetyl group to the

deprotonated lysine e-amino group (Weinert et al. 2013;

Kuhn et al. 2014). The end result of both mechanisms is

the same, acetylation of the Ne-amino group of a lysine resi-

due within a protein. However, nonenzymatic acetylation

with acP is more global and less specific than enzymatic

acetylation (Weinert et al. 2013; Kuhn et al. 2014).

The resulting Ne-acetyllysine product is quite stable;

however, it can be enzymatically reversed by lysine de-

acetylases (KDACs). Two KDAC families are known: a

metal-dependent family (Yang and Seto 2008b) and the

family of NAD+-dependent sirtuins (Blander and Gua-

rente 2004). Putative bacterial homologs of each KDAC

family have been identified (Hildmann et al. 2007), but

few have been shown to serve as KDACs and few sub-

strates have been reported (Starai et al. 2002; Gardner

et al. 2006; Hildmann et al. 2007; Gardner and Escalante-

Semerena 2009; Li et al. 2010; Wang et al. 2010). In

E. coli, only one KDAC (the sirtuin CobB; Fig. 1iii) has

been reported (Starai et al. 2002; Hu et al. 2010; Thao

and Escalante-Semerena 2011), and few CobB substrates

have been identified (Starai et al. 2002; Thao et al. 2010).

The best-studied CobB substrate is acCoA-synthetase

(Acs), which synthesizes acCoA from acetate, ATP, and

CoA (Wolfe 2005). The activity of this enzyme is inhib-

ited by YfiQ-dependent acetylation (Starai and Escalante-

Semerena 2004) and is reactivated by CobB-dependent

deacetylation (Starai et al. 2002).

We recently confirmed that Ne-lysine acetylation is an

abundant posttranslational modification in E. coli (Kuhn

et al. 2014). We used a robust peptide-based affinity

enrichment strategy with antiacetyllysine antibodies (Rar-

din et al. 2013) to detect 2730 unique acetylated lysine

residues on 806 acetylated E. coli proteins that function in

diverse and often essential cellular processes (Kuhn et al.

2014). We further used a novel, label-free quantitative

mass spectrometric method called MS1 Skyline Filtering

Figure 1. Schematic of Ne-lysine acetylation and deacetylation. K,

lysine; Pi, pyrophosphate; CoA, coenzyme A; acCoA, acetyl-coenzyme

A; acP, acetyl phosphate, NAD+, nicotinamide adenine dinucleotide;

NAM, nicotinamide. (i) The canonical enzymatic acetylation catalyzed

by YfiQ and using acCoA as the acetyl donor (green); (ii) the

nonenzymatic reaction using acP as the acetyl donor (blue); and (iii)

CobB acting as deacetylase.
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(Schilling et al. 2012; Rardin et al. 2013) to determine

with statistical significance 592 lysines from 292 proteins

that were sensitive to the levels of the novel acetyl donor

acP. We also identified and quantified 69 lysines from 51

proteins that were sensitive to the deacetylase CobB

(Kuhn et al. 2014).

With the discovery of thousands of newly identified

acetyllysine sites (Weinert et al. 2013; Zhang et al. 2013;

Kuhn et al. 2014), especially those sensitive to CobB

(Kuhn et al. 2014), we deemed it imperative to address

several pressing questions. What is the biological signifi-

cance of the newly identified CobB substrates? Which

biological pathways does CobB particularly target? By

what mechanism does CobB find its specific deacetylation

substrates? Does CobB discriminate between acetyl

donors: does it deacetylate lysines acetylated by acP, as

well as those acetylated by YfiQ?

To answer these questions, we performed bioinformatic

analyses on the 51 CobB-sensitive proteins, learning that

they are enriched primarily in translation, central metabo-

lism, and DNA-centered processes. Using SAMDI (Self-

Assembled monolayers with Matrix-assisted laser Desorp-

tion-Ionization) mass spectrometry, a label-free high-

throughput peptide array technology (Gurard-Levin and

Mrksich 2008; Mrksich 2008; Gurard-Levin et al. 2009),

we obtained evidence that CobB is the predominate

deacetylase in E. coli. SAMDI mass spectrometry also

revealed a preference for certain amino acid residues in the

positions adjacent to CobB-susceptible acetyllysines.

Intriguingly, these characteristics did not match those iden-

tified in the linear (1D) sequences of the acetyllysines iden-

tified by our quantitative mass spectrometric analysis or by

inspection of their three-dimensional (3D) environment,

providing evidence that reliance on primary sequence alone

to identify CobB targets is inadequate. With this in mind,

we mapped the locations of the CobB-sensitive lysine resi-

dues onto previously determined protein structures in the

Protein Data Bank (PDB), obtaining evidence that CobB-

sensitive acetyllysines tend to be highly exposed lysines

adjacent to alanine, glycine, tyrosine, and negatively

charged resides. To determine whether CobB can deacety-

late lysines acetylated by acP, we genetically altered the abil-

ity of cells to degrade acP, to deacetylate lysines, or to do

both, and monitored global acetylation status by Western

immunoblot analysis. This analysis revealed two classes of

CobB-sensitive acP-dependent acetylations: those that are

sensitive to CobB and those that are not, an assessment

supported by quantitative mass spectrometric data and

SAMDI analysis. Finally, we verified that CobB regulates

YfiQ-dependent acetylation, providing support for the

hypothesis that CobB can deacetylate acetyllysines whose

acetyl groups were donated by either acCoA or acP.

Table 1. Strains and plasmids used in this study.

Relevant characteristic Source/reference

Strain

AJW678 thi-1 thr-1(Am) leuB6 metF159(Am) rpsL136 ΔlacX74 Kumari et al. (2000)

AJW1781 AJW678 Δ(acsA::kan-1) Klein et al. (2007)

AJW2067 AJW678 ackA::TnphoA0-2 Wolfe et al. (2003)

AJW2179 AJW678 k42(acs0-lacZ) Browning et al. (2004)

AJW3797 BW25113 ΔyfiQ::frt kan Hu et al. (2013)

AJW4343 AJW678 ΔcobB::frt kan k42(acs0-lacZ) P1: JW1106?AJW2179

AJW4344 AJW678 ΔyfiQ::frt kan k42(acs0-lacZ) P1: JW2568?AJW2179

AJW4662 ΔyfiQ::cm J. Escalante-Semerena (U of Georgia)

AJW5024 AJW678 ΔackA::TnphoA0-2 ΔcobB::frt kan P1: JW1106?AJW2067

AJW5109 AJW678 ΔcobB::frt kan ΔyfiQ::cm P1: AJW4662?AJW4343

AJW5120 AJW678 ΔcobB::frt k42(acs0-lacZ) P1:JW1106?AJW2179 followed by antibiotic

marker removal

AJW5121 AJW678 ΔcobB::frt ΔyfiQ::frt kan k42(acs0-lacZ) P1: AJW3797?AJW5120

AJW5185 AJW678 ΔcobB::frt ΔacsA::kan k42(acs0-lacZ) P1: AJW1781?AJW5120

MG1655 k- rph-1 A. Ninfa (U of Michigan)

AJW5037 MG1655 ΔcobB::cat P1: JE8659?MG1655

AJW5184 MG1655 ΔyfiQ::frt kan P1:JW2568?MG1655

AJW5116 MG1655 ΔcobB::cat ΔyfiQ::frt kan P1:JE8659?AJW5184

JW1106 ΔcobB::frt kan Baba et al. (2006)

JW2568 ΔyfiQ::frt kan Baba et al. (2006)

JE8659 ΔcobB::cat J. Escalante-Semerena (U of Georgia)

Plasmid

pCA24n Control plasmid (CmR) Kitagawa et al. (2005)

pCA24n-

yfiQ

Plasmids expressing 6xHis-yfiQ under the control of an IPTG-inducible

promoter (CmR)

Kitagawa et al. (2005)
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Methods

Bacterial strains and culture conditions

All bacterial strains used in this study are listed in Table 1.

Derivatives were constructed by generalized transduction

with P1kc, as described previously (Silhavy et al. 1984).

For strain construction, cells were grown in LB containing

1% (w/v) tryptone, 0.5% (w/v) yeast extract, and 0.5% (w/

v) sodium chloride; LB plates also contained 1.5% agar.

Transformations were performed using transformation

buffers 1 and 2 (Hanahan 1983). About 15 and 25 lmol/L

isopropyl b-D-1 thiogalactopyranoside (IPTG) were added

to induce gene expression from plasmid vectors, unless

otherwise mentioned. Tetracycline (15 lg/mL), ampicillin

(100 lg/mL), and chloramphenicol (25 lg/mL) were

added to growth media when needed. For Western immu-

noblot analyses, cells were grown at 37°C in TB7 (1% [w/

v] tryptone buffered at pH 7.0 with potassium phosphate

[100 mmol/L]) or TB7 supplemented with 0.4% glucose.

Cell growth was monitored spectrophotometrically

(DU640; Beckman Instruments, Fullerton, CA) by deter-

mining the absorbance at 600 nm (A600).

Functional analysis, protein ontology,
pathway enrichment analysis

For functional analysis and protein ontology analysis

“The Database for Annotation, Visualization and Inte-

grated Discovery” (DAVID v.6.7) was used (Huang da

et al. 2007). For pathway enrichment analysis, we used

the Bonferroni correction as adjustment to P-values to

determine statistical significance. To generate graphical

ontology displays, Panther v8.1 classification system was

used (Mi et al. 2013).

Protein expression and purification of E. coli
CobB

The CobB protein was produced from the ASKA collec-

tion clone [pCA24N, E. coli K-12 strain AG1 (Kitagawa

et al. 2005)] and expressed and purified using procedures

previously described for YfiQ and RcsB (Sanville et al.

2003; Kuhn et al. 2013, 2014).

Peptide library synthesis, immobilization,
assays, and SAMDI mass spectrometry

A peptide library composed of Ac-GXK(Ac)ZGC-CONH2,

where X and Z represent all amino acids except cysteine,

was synthesized and immobilized onto 384 SAMDI

biochips and processed as described previously

(Gurard-Levin et al. 2010, 2011; Kuhn et al. 2014). SAM-

DI biochip arrays with the immobilized Ac-GXK(Ac)

ZGC-CONH2 peptide library or the immobilized Ac-

GXKZGC-CONH2 peptide library treated with acP (Kuhn

et al. 2014) were subjected to 100 nmol/L purified E.coli

CobB in reaction buffer (25 mmol/L Tris-HCl pH 8.0,

137 mmol/L NaCl, 2.7 mmol/L KCl, 0.5 mmol/L dithio-

threitol (DTT), 0.5 mmol/L NAD) for 30 min at 30°C.
Negative controls were also performed, reactions were ter-

minated, and biochips were analyzed with mass spectrom-

etry using previously described procedures (Kuhn et al.

2014).

Preparation of cell lysates

WT and cobB deletion mutants were grown in 15 mL LB

at 37°C overnight with shaking at 200 rpm in the absence

of antibiotic, or presence of 34 lg/lL chloramphenicol,

respectively. These cultures were used to inoculate 500 mL

of TB and were grown to an A600 of 0.8 at 37°C with shak-

ing at 200 rpm. Cells were pelleted by centrifugation and

resuspended in 50 mL buffer (25 mmol/L Tris pH 8.0,

137 mmol/L NaCl, 2.7 mmol/L KCl, 0.5 mmol/L DTT)

with one complete protease inhibitor tablet (Roche

Applied Science, Madison, WI, USA). Cells were sonicated,

centrifuged, and the supernatant was removed for analysis.

SAMDI reactions with cell lysates

To prevent interactions of DNA and RNA present in the

lysate with the positively charged peptide surfaces of the

SAMDI biochips, lysates were treated with benzonase

(≥99% pure, 100,000 U/vial Millipore, Billerica, MA, USA).

Five milliliters of lysate were incubated with 2 lL of ben-

zonase (~500 U) and 10 mmol/L MgCl2 at 37°C for

30 min. Each lysate was filtered using an acrodisc 0.2 lmol/

L filter and was diluted 1:1 with assay buffer plus 0.5 mmol/

L final concentration of NAD. Three microliters of extract

were incubated on each spot on the SAMDI biochips con-

taining Ac-GXK(Ac)ZGC-CONH2 peptides at 30°C for 2 h

and reactions were terminated and analyzed as described

above. Spectra were manually inspected to verify activity.

Structural analysis of CobB substrate
proteins

All structures of CobB substrate proteins were down-

loaded from the Protein Data Bank (PDB) and were man-

ually inspected in pymol to determine residues adjacent

to the substrate lysine in 3D space. When E. coli struc-

tures were not available, homologous structures contain-

ing the conserved substrate lysine residue were used (for

description of structures used for analysis, see Table S6).

The 1D and 3D sequences of the CobB substrate proteins

ª 2014 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd. 69

A. AbouElfetouh et al. CobB Deacetylase Activity in E. coli



surrounding the acetylated lysine were compared with the

SAMDI profile of recombinant CobB (listed in Tables S7

and S8). Figures were produced using pymol (DeLano

2002).

Western immunoblot analysis of cell lysates

Overnight cultures were diluted into fresh TB7 at an

OD600 of 0.1. Cells were harvested at OD600s of 0.5

and 1.0 and then at hours 8, 24, and 32. Cells were pel-

leted and lysed with 49 sample buffer (9% SDS [sodi-

umdodecyl sulfate], 0.36 mol/L Tris pH 6.8, 45%

glycerol, 2% bromophenol blue, 10% b-mercaptoetha-

nol) and heated at 100°C for 10 min. Protein loading

was normalized after protein amount was determined by

BCA assay (23225; Pierce, Rockford, IL, USA). Purified

proteins were separated by SDS-PAGE (polyacrylamide

gel electrophoresis) with 4.6 mol/L urea. The gel and the

nitrocellulose membrane were rinsed in water and then

equilibrated for 15 min in transfer buffer containing

25 mmol/L Tris, 0.192 mol/L glycine, and 20% (v/v)

methanol. Proteins were transferred onto the membrane

for 1 hour at 100 V. The blot was blocked with 5% (w/

v) milk prepared in TBST for 2 h at room temperature.

The blot was washed with PBST two times for 5 min

each. A rabbit polyclonal antibody raised against an

acetylated lysine-containing peptide (9441; Cell Signaling,

Danvers, MA, USA) was used at a 1:500 dilution in 5%

BSA in PBST at 4°C overnight. The blot was washed

three times for 5 min each and then one time for

10 min with PBST and then incubated with horseradish

peroxidase (HRP)-conjugated goat anti-rabbit secondary

antibody (7074S; Cell Signaling) at a 1:2000 dilution in

5% milk in TBST for 1 hour at room temperature. The

blot was washed four times for 5 min each with PBST

and exposed using 209 LumiGLO� Reagent and Perox-

ide (7003; Cell Signaling).

Identification of lysines acetylated in the
ackA cobB mutant

The ackA cobB mutant was grown aerobically at 37°C at

250 rpm in TB7 until entry into stationary phase, cell lysates

were prepared and the proteins were separated by SDS-

PAGE, as described (Hu et al. 2013). A band that was

observed in the cobB ackA mutant but not in either single

mutant or the WT parent was excised, subjected to tryptic

digestion, peptides eluted and subjected to reversed phase

column chromatography, as described (Hu et al. 2013). MS

and MS/MS data were acquired with the LTQ-Orbitrap-Ve-

los mass spectrometer (Thermo Fisher Scientific, Waltham,

MA, USA) equipped with a nanoelectrospray ion source and

the acetyllysines identified, as described (Hu et al. 2013).

Results

CobB-dependent deacetylation occurs in
diverse cellular processes

From cells grown in buffered tryptone broth (TB7)

supplemented with 0.4% glucose, our quantitative mass

spectrometric analysis (Kuhn et al. 2014) identified 69

acetyllysine sites on 51 proteins, whose relative abun-

dance was robustly, reproducibly, and significantly ele-

vated in the cobB mutant relative to WT (defined as a

≥twofold acetylation increase in at least three of four

biological replicates with a P < 0.05) (Table S1). To

examine the potential biological impact of this CobB-

dependent deacetylation, we performed functional

analyses using PANTHER (Mi et al. 2013). The most

common molecular function of proteins containing the

preferred acetyllysine targets was “catalytic activity,” but

the functions “binding” and “structural molecule”

activity also were common (Fig. S1A, Table S2A). By

far, the most common biological process was “meta-

bolic process” (Fig. S1B, Table S2B). Enrichment analy-

sis by DAVID (Huang da et al. 2007) (Table 2)

supports the hypothesis that CobB-dependent deacetyla-

tion primarily targets translation (“protein synthesis,”

“ribosome,” “ribonucleoprotein,” “RNA-binding,”

“rRNA-binding,” “elongation factor,” and “initiation

factor”) and acetylated proteins (“acetylation”), but also

some DNA-centered processes (“DNA binding,” “DNA

condensation,” “activator,” “transcription,” and “tran-

scription regulation”), phosphorylated proteins “phos-

phoprotein,” and central metabolism (“glycolysis” and

“pyridoxal phosphate”). Kegg pathway (Table S2C) and

Gene Ontology (Table S2D) analyses yielded similar

results, with a focus on translation, central metabolism,

and DNA-centered processes. Others have observed sim-

ilar results, although a direct comparison cannot be

made due to differences in growth conditions (Weinert

et al. 2013).

CobB-sensitive sites in the ribosome

Because CobB-dependent deacetylation was enriched for

translation, we examined the CobB-sensitive lysines of

ribosomal subunits. A total of 14 CobB-sensitive acety-

lation sites were identified on 10 ribosomal protein

subunits as shown in Figure 2, which maps onto a Wi-

kiPathway display (Papanastasiou et al. 2013) RNA/pro-

tein synthesis and other DNA- and RNA-related

proteins with acetyllysines in the cobB mutant that were

determined to be sensitive to CobB (yellow circles) or

not (red circles) (for details, see Table S3A). The

CobB-sensitive ribosomal proteins included 6 subunits
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of the 50S subcomplex (RplK [L11], RplL [L7/L12],

RplQ [L17], RpmC [L29], RpmE [L31], RpmG [L33])

and 4 subunits of the 30S subcomplex (RpsA [S1],

RpsJ [S10], RpsQ [S17], and RpsU [S21]) (Herold and

Nierhaus 1987; Culver 2003; Shajani et al. 2011).

To determine if any ribosomal protein CobB substrate

acetyllysines (Table S3B and C) were located on regions

important for translation, we examined their structures

within the full 70S E. coli complex. The structures of all

ribosomal subunits were analyzed using either PDB ID:

3R8S or PDB ID: 4DG1. The exceptions were L31, which

we analyzed using the PDB ID: 2VHM structure, and S1

and L7/L12, which were not found in these 70S struc-

tures. Only portions of the S1 structure have been deter-

mined and none of the structures include the CobB

substrate lysines. The L7/L12 subunit is described in more

detail below.

In our protein structure analysis, we determined that

CobB-sensitive lysines of many of the ribosomal subun-

its (L11, L17, L29, L31, and S10) are located near 23S

rRNA; however, these lysines make no obvious polar

contacts. The substrate lysine of L33 (Lys-81) resides

near the “E” site tRNA and is close to the 30S/50S

subunit interface, but this lysine does not make polar

contacts with RNA or with other subunits. In contrast,

the CobB-sensitive lysine residues of the S17 and S21

subunits (Lys-71 and Lys-25, respectively) make direct

polar contacts with RNA. Lys-71 of the S17 subunit

forms hydrogen bonds with the backbone amide of

Lys-19 and with the 16S rRNA backbone phosphate

located between guanosines 254 and 255. The e-amino

group of Lys-25 of the S21 subunit forms a hydrogen

bond with the 20-OH of the ribose of guanosine 9 of

mRNA in the crystal structure (mRNA chain X, 4GD1).

Table 2. Functional annotation enrichment for 51 acetylated proteins with cobB-sensitive acetyllysine sites.

Term1 Count2 %3 Fold enrichment4 P-value4 Bonferroni

Protein biosynthesis 15 25.9 77.2 8.4E-23 9.9E-21

Ribosome 10 17.2 146.2 1.9E-17 2.3E-15

Ribonucleoprotein 10 17.2 107.7 3.5E-16 3.9E-14

Ribosomal protein 10 17.2 102.3 5.7E-16 6.6E-14

Acetylation 12 20.7 46.6 1.6E-15 1.8E-13

RNA-binding 7 12.1 30.8 1.0E-07 1.2E-05

DNA binding 7 12.1 27.7 1.9E-07 2.3E-05

Phosphoprotein 8 13.8 18.5 2.4E-07 2.8E-05

Cytoplasm 13 22.4 6.0 9.9E-07 1.2E-04

DNA condensation 4 6.9 192.6 1.1E-06 1.3E-04

rRNA-binding 4 6.9 64.2 3.3E-05 0.004

Activator 5 8.6 17.3 1.9E-04 0.022

DNA binding 11 19.0 4.1 2.6E-04 0.030

Elongation factor 3 5.2 74.4 7.3E-04 0.083

Glycolysis 3 5.2 43.9 0.002 0.219

Methylated amino end 2 3.4 327.5 0.006 0.508

Transcription 8 13.8 3.5 0.007 0.553

Initiation factor 2 3.4 272.9 0.007 0.573

Duplication 2 3.4 272.9 0.007 0.573

Methylation 3 5.2 23.0 0.007 0.584

Methylated amino acid 2 3.4 204.7 0.010 0.678

Capsule biogenesis/degradation 2 3.4 181.9 0.011 0.721

Molecular chaperone 2 3.4 136.5 0.014 0.817

Heterodimer 2 3.4 102.3 0.019 0.896

Transcription regulation 7 12.1 3.1 0.024 0.941

Pyridoxal phosphate 3 5.2 10.5 0.032 0.980

Metal binding 6 10.3 3.2 0.039 0.991

Chaperone 3 5.2 9.3 0.040 0.992

Oxidoreductase 6 10.3 3.1 0.042 0.994

1SP_Pir keyword/GO ontology term.
2Number of DAVID ID’s matching the specific GOTERM.
3% of count matching a specific GO category over total number of DAVID ID’s entered for analysis (58).
4Because our peptide-based affinity enrichment strategy achieved a dynamic range of about 7 orders of magnitude, identifying acetylated lysines

from proteins with very low, as well as very high, estimated protein copy numbers per cell (Kuhn et al. 2014), we used the the E. coli proteome

as background.
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The acetylation status of these CobB substrates could

be expected to influence translation.

Investigation of CobB substrate specificity

To determine CobB substrate specificity, we measured the

activity of purified recombinant CobB toward an acety-

lated peptide library using SAMDI mass spectrometry.

This method, which monitors peptide modification of a

peptide library immobilized onto a gold surface (Gurard-

Levin and Mrksich 2008; Mrksich 2008; Gurard-Levin

et al. 2009; Kuhn et al. 2014), found that recombinant

CobB was very efficient and highly active with broad pep-

tide substrate specificity (Fig. 3A, Table S4). However, it

preferentially deacetylated acetyllysines adjacent to hydro-

phobic and nonpolar residues, especially phenylalanine

(F) and tryptophan (W), but also acetyllysines adjacent to

positively charged arginine (R) and hydrophilic and polar

tyrosine (Y) residues. In contrast, CobB did not deacety-

late acetyllysines with a proline (P) in the Z- (i.e., +1)
position, and had lower preferrence for acetyllysines with

adjacent acidic residues, aspartate (D) or glutamate (E)

residues (Fig. 3C).

We next determined the substrate specificity of the de-

acetylase(s) present in a wild-type cell lysate. Here, we

observed a more narrow substrate specificity (Fig. 3B).

However, the profile was similar to that of recombinant

CobB, with a strong preference for tryptophan, tyrosine,

arginine, and phenylalanine (Fig. 3D). Once again, pro-

line in the Z-position and acidic residues were disfavored.

Importantly, when we tested the cobB mutant lysate, we

observed no major deacetylase activity (Table S4), indicat-

ing that CobB is the predominant deacetylase, at least

under these reaction conditions.

To see if the in vitro SAMDI-MS peptide deacetylation

profile was recapitulated in vivo, we examined the protein

primary sequences of the CobB-sensitive sites that our

quantitative mass spectrometric analysis had identified

(Kuhn et al. 2014). We first compiled a table of neighbor-

ing amino acids in the positions adjacent to each of the

69 acetyllysine sites in 51 proteins that were robustly,

reproducibly, and significantly elevated in the cobB

mutant. We then used WebLogo (Crooks et al. 2004) to

generate a sequence logo (Fig. 3E, Table S5). The deacety-

lation profile of CobB-sensitive acetyllysines identified by

quantitative mass spectrometry was almost the opposite

of the profile obtained from the in vitro SAMDI analysis

with a high prevalence of negatively charged glutamate

residues in the �1 (X) position (~19%) and glutamate

and aspartate in the +1 (Z) position (~13% and 9%,

respectively), and a low prevalence for arginine, phenylal-

anine, tryptophan, and tyrosine. Like SAMDI, this analy-

sis showed a preference for no proline in the Z-position.

A similar analysis, performed on 760 lysine residues from

the same 51 proteins that were not detected as CobB-sen-

sitive (Fig. 3F, Table S5), revealed a somewhat different

motif. Most notable was the reduced prevalence of adja-

cent negatively charged residues.

Figure 2. Schematic of E. coli ribosomal subunits and other protein synthesis-related proteins showing proteins with acetyllysines that are

sensitive to CobB. Proteins identified as acetytated in cobB mutants are circled in red, proteins containing verified CobB-sensitive acetyllysines are

circled in orange. In addition to ribosomal and protein synthesis-related proteins, other DNA and RNA pathways are also shown (see

WikiPathways and (Papanastasiou et al. 2013). Note that Papanastasiou and coauthors did not detect ribosomal subunit S17 and thus it is not

depicted in the figure.
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Since the in vitro and in vivo linear (1D) sequences

did not match, we examined the native three-dimensional

(3D) environment of CobB-sensitive acetyllysines. The 3D

environment gives a more complete depiction of the

arrangement of adjacent residues to the substrate lysines

than SAMDI or in vivo linear sequence analyses, thus we

used this information for subsequent analyses. For each

protein with a CobB-sensitive acetyllysine, we analyzed a

representative structure to determine the location of the

substrate residue and its corresponding type of secondary

structure. Of the 51 proteins that quantitative mass spec-

trometry identified as possessing CobB-sensitive acetylly-

sines, 43 had 3D structures in the Protein Data Bank

(PDB). Of these 43 structures, 34 were from E. coli

proteins, while the remaining nine were from bacterial

homologs. These 43 proteins included 57 of the 69 CobB-

sensitive acetyllysines (Table S6).

We analyzed these 43 individual crystal structures and

identified the secondary structure in which each sub-

strate acetyllysine resides (Table S6), as well as the

amino acids adjacent to the substrate acetyllysine in 3D

space (Table S7). Ten percent (6/57) of the substrate

acetyllysines were located on b-strands, while 44% (25/

57) were on a-helices, and 46% (26/57) were on loops.

Thus, no strictly conserved secondary structure was

identified across all CobB acetyllysine substrates. For

some CobB substrate acetyllysines, the identities of the

adjacent residues were unclear because they reside on

disordered loops (9/57) or at the ends of alpha helices

(9/57); thus, these substrate lysines were removed from

the subsequent analysis, which was performed on the

remaining (39/57) sites. For these 39 CobB substrate

acetyllysines, we first used the crystal structures to iden-

tify the adjacent amino acid residues in 3D. Typically,

the most abundant adjacent residues to the substrate

lysine were aspartate (D), glutamate (E), alanine (A),

glycine (G), and tyrosine (Y) residues (Fig. 3G, Table

S7), a pattern that showed some resemblance to the 1D

linear in vivo sequence, especially with respect to the

abundance of negatively charged residues (Fig. 3E). We

then compared the residues adjacent to the substrate ly-

sines in the 3D structures to the 1D SAMDI profile

obtained with recombinant CobB. Fifty-four percent (20/

37) of the sequences matched the SAMDI profile (Table

S8) with substrate lysines located on b-sheets having the

highest correlation with the SAMDI profile (67%, 4/6),

followed by loops (65%, 11/17) and a-helices (36%, 5/

14); two sequences could not be compared because their

identity in 3D was unclear). We conclude that secondary

structure influences the ability of CobB to recognize its

substrate acetyllysines and thus reliance on primary

sequence alone to identify such substrates is insufficient.

(A)

(B)

(C)

(D)

(E) (G)

(F)

Figure 3. SAMDI MS peptide specificity profiles and LOGO plots for recombinant CobB protein and WT lysates. Activity of recombinant E. coli

CobB (A) and of lysate from wild-type E. coli (strain MG1655; B) was determined using a GXKacZGC peptide library and SAMDI mass

spectrometry. All data are the average of three separate trials (Table S4). Shading is indicative of percent conversion to product as shown. We did

not detect any deacetylase activity in the lysate of the cobB deletion mutant (strain AJW5037). WebLogo (Crooks et al. 2004) was used to

generate consensus sequence logos showing the amino acid composition in positions �1 to +1 relative to the recombinant CobB SAMDI peptide

substrate lysines (C), the WT lysate SAMDI peptide substrate lysines (D), 69 cobB-sensitive lysines on 51 proteins (E), the 736 lysines on the same

51 proteins that were not cobB-sensitive (F), and the substrate lysines in 3D space (not including sequences where the adjacent residue could not

be identified; see Table S7). SAMDI, self-assembled monolayers with matrix-assisted laser desorption-ionization.
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Therefore, to further analyze the relationship between

the position of a lysine within its protein structure and

its sensitivity to CobB, we selected four proteins that con-

tained at least one specific lysine that was robustly, repro-

ducibly, and significantly more acetylated in the cobB

mutant relative to WT: GadA, GreA, RplL, and YihD

(Fig. 4). In each case, structural analysis showed that the

CobB-sensitive site(s) were exposed to the surface. A par-

ticularly dramatic example is K4 of GadA, which is

located on the tip of a protruding helix. Similarly, K43 of

GreA is located in an exposed hairpin between two heli-

ces. Another GreA lysine (K63) resides halfway down the

side of one of those helices. Other GreA lysines that were

acetylated, but did not show sensitivity to CobB (K116

and K133), were located in positions that appeared to be

less exposed. In these cases, CobB substrate acetyllyines

appear to be located near the surface of the protein on a

loop or a helix that protrudes into the solution and thus

in position to be an easily accessible target.

Evidence that CobB can deacetylate lysines
acetylated by acP

To explore the relationship between CobB-dependent de-

acetylation and acP-dependent acetylation, we performed

an antiacetyllysine Western immunoblot analysis on wild-

type (WT) cells and isogenic mutants that lack CobB

(cobB), accumulate acP (ackA), or both (ackA cobB). As

we reported previously (Kuhn et al. 2014), the ackA

mutant exhibited increased acetylation of large numbers

of proteins when grown in TB7 (Fig. 5A). In contrast,

the cobB mutant exhibited no obvious change in the level

of protein acetylation, although it did show an increase

in acetylation of a particularly prominent band (open

(A)

(B)

Figure 4. Correlation of CobB-sensitive acetyllysines to protein structure. (A) Mass spectrometric quantification of relative abundance of

acetyllysine-containing peptides and their fold change between the cobB mutant (strain AJW5037) and its WT parent (strain MG1655) grown in

TB7 supplemented with 0.4% glucose. Data were obtained from four independent biological replicates and three technical replicates. Bar graphs

show the average fold change (cobB/WT) for individual acetyllysine sites in the proteins GadA, YihD, GreA, and RplL. Acetyllysine sites with the

most significant CobB-sensitive upregulation are highlighted in red, sites with significant upregulation in orange, and sites with relatively no

change in blue. (B) E. coli crystal structures of these proteins (from PDB) are visualized using Pymol, indicating the lysine residues whose

acetylation was monitored by mass spectrometry and shown in (A). Crystal structures for each protein are shown in cyan (PDB ID: chain A of

1XEY (GadA), 2KO6 (YihD), 1GRJ (GreA), and 1CTF (RplL)). Acetyllysine sites with the most significant CobB-sensitive upregulation are highlighted

in red, sites with significant upregulation in orange, and sites with relatively no change in blue. In GadA, a portion of the K4 residue is disordered

and residues K453 and K464 are not present in structure. PDB, Protein Data Bank.
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arrowhead). The ackA cobB double mutant exhibited both

patterns, consistent with the idea that acP and CobB reg-

ulate acetylation of different sets of proteins. Intriguingly,

the double mutant also exhibited two bands that were

not visible in both single mutants (solid arrowheads).

This is consistent with the hypothesis that some proteins

(C) (D)

(E) (F)

(A) (B)

Figure 5. Antiacetyllysine Western immunoblot analyses. Cells were aerated at 37°C in TB7 (A, C, F), in TB7 supplemented with 0.4% glucose

(B, D), or in TB7 supplemented with 25 lg/mL chloramphenicol (E) and harvested at three time points, when the OD610 reached 0.5 or 1.0, and

then at 8 h. (A and B) cobB ackA epistasis analysis: E. coli WT (strain AJW678) and isogenic mutants ackA (strain AJW2067), cobB (strain

AJW4343), and ackA cobB (strain AJW5024). The white arrow points to an ~70-kDa band that is sensitive to CobB and less prominent in glucose.

The black arrows point to bands that are observed only in the ackA cobB double mutant. (C and D) cobB yfiQ epistasis analysis: WT (strain

AJW678) and isogenic mutants cobB (strain AJW4343), yfiQ (strain AJW4344), and cobB yfiQ (strain AJW5121). The white arrow points to an

~70-kDa band that is sensitive to YfiQ and CobB. The black arrows point to bands that are observed only in the cobB yfiQ double mutant. (E)

YfiQ overexpression: WT (strain AJW678) transformed with the vector pCA24n (strain AJW5126), the yfiQ mutant (strain AJW4344) transformed

with the vector pCA24n (strain AJW5130) or with the YfiQ expression plasmid pCA24n-yfiQ (strain AJW5131), the cobB mutant (strain AJW4343)

transformed with the vector pCA24n (strain AJW5129) or with the YfiQ expression plasmid pCA24n-yfiQ (strain AJW5124), and the double cobB

yfiQ mutant (strain AJW5121) transformed with the vector pCA24n (strain AJW5128) or with the YfiQ expression plasmid pCA24n-yfiQ (strain

AJW5125). YfiQ expression was induced by IPTG (15 or 25 lmol/L). The white arrow points to an ~70-kDa band that is sensitive to YfiQ and

CobB. The black arrows point to 3 more YfiQ-sensitive bands that depend on CobB for deacetylation. The gray arrow points to one YfiQ-sensitive

protein that is not sensitive to CobB. (F) acs cobB epistasis analysis: E. coli WT (strain AJW678), and isogenic mutants acs (strain AJW1781),

cobB (strain AJW4343), and acs cobB (strain AJW5185). The white arrow points to an ~70-kDa band that is sensitive to CobB and depends on

Acs.
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acetylated by acP can be deacetylated by CobB. A similar

relationship was observed when the same strains were

grown in TB7 supplemented with 0.4% glucose (Fig. 5B).

For the indicated gel band (upper black arrowhead) of

the ackA cobB double mutant, MS analysis identified

many proteins, of which four were acetylated (EF-Tu,

Pyk, Fba, and GapA) on a total of 9 lysines (Table S9A–
D). When we correlated these results with the corre-

sponding quantitative mass spectrometry data set

described above (Kuhn et al. 2014), we found that five of

these acetyllysines were significantly upregulated in the

ackA mutant relative to the WT parent. These data sug-

gest that CobB can deacetylate lysines that are primarily

acetylated by acP.

To obtain biochemical evidence that CobB can indeed

reverse acP-dependent acetylation, we used a SAMDI bio-

chip containing a library of unacetylated lysine-containing

peptides. We incubated the biochip first with acP and

then with recombinant CobB, which completely deacety-

lated all peptides that had been modified by acP (data

not shown).

To further explore the relationship between acP-depen-

dent acetylation and CobB-dependent deacetylation, we

more thoroughly examined the quantitative mass spectro-

metric data that had been obtained from WT, ackA, and

cobB cells grown in TB7 supplemented with glucose and

harvested upon entry into stationary phase (equivalent to

Fig. 5B, lanes 3, 6, and 9). Because CobB-dependent de-

acetylation was enriched for translation, we first examined

CobB-sensitive lysines in ribosomal subunits. As stated

earlier, 14 lysines of 10 ribosomal subunits were sensitive

to CobB. In contrast, 80 lysines of 40 subunits were sensi-

tive to AckA (Fig. 2, Table S3A and B). In support of the

hypothesis that acP can acetylate and CobB can deacety-

late the same proteins, all 10 of the CobB-sensitive su-

bunits included lysines that also were sensitive to AckA.

Strikingly, four of these subunits (RplL [L7/L12], RpmE

[L31], RpmG [L33], and RpsU [S21]) had a total of six

lysines that were sensitive to both CobB and AckA (Table

S3C).

This general pattern was observed for the entire set of

CobB-sensitive proteins and acetyllysines. Of the 51 pro-

teins that possessed a CobB-sensitive acetyllysine, 40 had

at least one lysine whose acetylation depended on the

status of AckA. Together, these 40 proteins had 58

CobB-sensitive acetyllysines: 24 also were sensitive to

AckA, while 34 were not detected as AckA-sensitive

(Table 1). Thus, some proteins were sensitive to CobB

but not AckA, while other proteins were sensitive to

both CobB and AckA, but on different lysines. Impor-

tantly, one subset of proteins possessed lysines that were

sensitive to both CobB and AckA. Proteins in this last

class included the 4 ribosomal subunits listed above, two

chaperones (DnaK and GroS), and two central metabolic

subunits (AccA and LpdA). This last class also included

the two-component response regulator RcsB. More spe-

cifically, CobB and AckA regulated acetylation of K154

(Kuhn et al. 2014), which we had previously implicated

in transcription of the small RNA RprA (Hu et al.

2013). These results are consistent with the hypothesis

that some lysines are substrates for acP, while others are

substrates for CobB, and still others are substrates for

both.

Evidence that CobB can deacetylate lysines
acetylated by YfiQ

To verify that CobB can also deacetylate targets of YfiQ,

the only known E. coli acCoA-dependent protein

acetyltransferase, we first tried to identify the prominent

CobB-sensitive (and AcP-insensitive) band (Fig. 5, open

arrowhead). WT cells and isogenic mutants that lack

either YfiQ (yfiQ) or CobB (cobB) or both (yfiQ cobB)

were grown in TB7 or TB7 supplemented with 0.4% glu-

cose. Antiacetyllysine Western immunoblot analysis of

cells grown in the absence of glucose again detected the

prominent band, indicative of a protein of ~70 kDA,

whose acetylation and deacetylation appeared to depend

on YfiQ and CobB, respectively (Fig. 5C). This behavior

did not depend on genetic background (Fig. S2A) or par-

ticular yfiQ null allele (Fig. S2B), nor did it depend on

the presence of glucose, although the signal was less

intense (Fig. 5D). We verified the dependence on YfiQ by

transforming cells with either a YfiQ expression plasmid

or its vector control and growing the resultant transfor-

mants in TB7 supplemented with or without IPTG to

induce YfiQ expression (Fig. 5E). This YfiQ-dependent

and CobB-sensitive signal depends on AcCoA-synthetase

(Acs), as the signal was missing in cells that lacked both

Acs and CobB (Fig. 5F). Other less prominent acetylation

targets appeared to be regulated by YfiQ and/or CobB:

these immunoblots suggest that some acetylation events

are independent of YfiQ but sensitive to CobB (Fig. 5C

and D), while several depend on YfiQ overexpression and

the absence of CobB (Fig. 5E).

Discussion

We conclude that CobB is the predominant lysine deacet-

ylase in E coli, that CobB can deacetylate acetyllysines

independently of whether the acetyl donor is acCoA or

acP, and that CobB deacetylates proteins involved in sev-

eral key cellular processes. We further conclude that lin-

ear sequences alone are inadequate to predict CobB

substrates substrates and that structural analyses are

necessary.
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CobB is the predominant deacetylase in E.
coli

An unanswered question has been whether E. coli

expresses another deacetylase in addition to CobB. To

date, there is no evidence that such a deacetylase exists.

Indeed, our in vitro SAMDI experiment provided evi-

dence that CobB is the predominant deacetylase: in con-

trast to the WT cell lysate (Fig. 3), the cobB mutant lysate

exhibited virtually no deacetylase activity above assay

background (Table S4). Salmonella enterica expresses

CobB in two isoforms, one short and one long (Tucker

and Escalante-Semerena 2010). Based on bioinformatic

inspection of its genome, the same should be true of

E. coli. But, the expression of two isoforms cannot explain

our results, as the WT lysate would be expected to con-

tain both forms, while the cobB lysate should contain nei-

ther.

CobB deacetylates some acP-dependent
acetyllysines, but not others

The lack of evidence for an additional deacetylase raises

an intriguing problem. The number of acetylated lysines

vastly outnumbers the number of CobB acetyllysine

substrates. For example, we recently showed that acP

can robustly donate its acetyl group to 592 lysines on

292 proteins (Kuhn et al. 2014). In contrast, CobB tar-

gets only 69 acetyllysine sites on 51 proteins (Table S1)

and only 24 lysines are sensitive to both acetylation by

acP and deacetylation by CobB (Table 1, Table S3C).

Thus, CobB does not significantly reverse the vast

majority of acP-dependent acetylations. A similar sce-

nario has been reported in mouse liver mitochondria,

where nonenzymatic acetylation by acCoA (presumably

driven by the elevated pH and high acCoA levels in

this organelle) has been proposed to be the dominant

mechanism (Rardin et al. 2013; Wagner and Payne

2013) and the sirtuin deacetylase SIRT3 effectively tar-

gets a small fraction (~20%) of the total known acety-

llysine sites (Sol et al. 2012; Hebert et al. 2013; Rardin

et al. 2013).

It is distinctly possible that the 24 lysines described

above represents a subset of the total of acP- and

CobB-sensitive lysines. The ackA cobB double mutant,

which accumulates acP and thus acP-dependent acetyla-

tion and lacks the ability to deacetylate via CobB

exhibited additional signals in an antiacetyllysine Wes-

tern blot (Fig. 5A and B). This provides evidence that

CobB can deacetylate some acetyllysines that occur

when intracellular acP accumulates, which occurs during

growth on excess glucose and other carbon sources that

enhance fermentation. Since we did not observe these

signals in cells with intact CobB (Fig. 5A and B), we

infer that CobB can reverse acetylation by acP. If so,

then CobB would perform two distinct functions: it

would reverse specific regulatory acetylations (e.g., Acs

acetylation) (Starai et al. 2002), and it would “clean

up” after acP, removing acetyl groups from some acety-

llysines but not others.

CobB deacetylates acetyllysines regardless
of the acetyl donor

In addition to a subset of acP-dependent acetyllysines,

CobB can deacetylate some, but not all, YfiQ- and

acCoA-dependent acetyllysines. The only known YfiQ

substrate that is also well established as a CobB substrate

is Acs, whose acCoA-synthesizing activity is inhibited by

acetylation of K609 (Starai and Escalante-Semerena

2004) and reactivated by its CobB-catalyzed deacetyla-

tion (Starai et al. 2002). Others have reported a few

additional proteins (GapA, AceA, and AceK) that may

be bonafide YfiQ and CobB substrates (Wang et al.

2010), but the reversible acetylated lysines have not been

identified. The chemotaxis protein CheY has been

reported to be a CobB substrate (Li et al. 2010), but

there is no evidence that YfiQ acetylates it and the CobB

substrate acetyllysine has not been identified. In contrast,

Lys-544 of RNase R is acetylated by YfiQ (Liang et al.

2011), but not deacetylated by CobB (Liang and Deut-

scher 2012). The rapid degradation of the acetylated

form of RNase R might preclude the need for deacetyla-

tion. While other acetylated, but not deacetylated, pro-

teins might be similarly sensitive to degradation, this is

likely not true of the vast majority of acetylated proteins

that are not sensitive to CobB. This raises an intriguing

question: how do cells cope with acetylations that are

not reversed by CobB?

Our results support the established hypothesis that

YfiQ and CobB regulate the acetylation status of Acs

and provide evidence for the existence of other dual

regulated substrates. Our immunoblot analysis

revealed an ~70 kDa signal that increased in the

absence of CobB, depended strongly upon YfiQ and

Acs, and diminished during growth in glucose (Fig. 5).

These are all behaviors expected of a catabolite repress-

ible gene (Kumari et al. 2000), whose 72 kDa product

is acetylated by YfiQ (Starai and Escalante-Semerena

2004) and deacetylated by CobB (Starai et al. 2002).

Since several signals appeared when YfiQ was overex-

pressed in the absence of CobB (Fig. 5E), it is also

possible that CobB deacetylates inappropriate YfiQ-

dependent acetyllysines, as proposed above for acP. The

identities of these putative substrates remain to be

determined.
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CobB’s effect on protein function

Enrichment analyses (Table 2, Table S2) support the

hypothesis that CobB-dependent deacetylation primarily

targets translation. Whether CobB deacetylation (or acP-

dependent acetylation) of ribosomal subunits plays a role

in ribosomal function and thus cellular physiology

remains unknown; however, some clues exist. First,

CobB-sensitive acetyllysines on two ribosomal subunits

interact with RNA. Lys-71 of the S17 subunit interacts

with 16S rRNA, while Lys-25 of the S21 subunit can

interact with the mRNA. Second, two CobB-sensitive

acetylated lysines on the L7/L12 (RplL) subunit could

influence aminoacylated tRNA binding to the A-site and

thus the rate of peptide elongation. Lys-71 and Lys-82,

respectively, reside in helices 4 and 5 (Fig. 4), which

interact with helix D of elongation factor Tu (EF-Tu).

Mutation of strictly conserved residues along these helices

decreased the initial binding association rate constant, but

not the dissociation rate constant (Kothe et al. 2004).

Thus, acetylation of Lys-71 could affect L7/L12 binding to

EF-Tu, an event that facilitates EF-Tu-dependent binding

of charged tRNA to the A-site. Since Lys-82 of helix 5 is

not strictly conserved, Kothe and coworkers did not mut-

agenesize this residue. However, they mutagenized

another lysine (Lys-85), which resides on the same face of

helix 5 and forms a salt bridge with D141 of helix D of

EF-Tu. The effect was nearly identical to that of the Lys-

71 mutation. Thus, the acetylation status of Lys-71 and/

or Lys-82 could determine the association rate of the ter-

nary complex, but may also play an important role in

binding to other proteins. Further testing is necessary to

determine the biological consequence of acetylating these

residues.

Bioinformatics ontology and pathway enrichment

analyses (Tables 2 and S2) also support the hypothesis

that CobB-dependent deacetylation targets central metab-

olism and phosphorylated proteins, and some DNA-cen-

tered processes. As mentioned earlier, others have

reported that CobB deacetylates Acs (Starai et al. 2002)

and a few other central metabolic enzymes (Wang et al.

2010), as well as CheY (Li et al. 2010) and RcsB (Thao

et al. 2010), two-component response regulators that

become activated when phosphorylated. We further

reported (1) that transcription from the rprA promoter

requires Lys-154 of RcsB (Hu et al. 2013), (2) that the

acetylation status of Lys-154 is regulated by acP and

CobB (Hu et al. 2013; Kuhn et al. 2014), and (3) genetic

evidence consistent with the hypothesis that acetylation of

Lys-154 inactivates RcsB (Hu et al. 2013).

GreA possesses two acetylated lysines (Lys-43 and

Lys-63) that are sensitive to CobB. GreA is a transcript

cleavage factor that prevents arrest during transcription

elongation, increases transcription fidelity, stimulates pro-

moter escape, and suppresses promoter proximal pausing

during RNA synthesis (Fish and Kane 2002; Laptenko

et al. 2003; Nickels and Hochschild 2004; Borukhov et al.

2005). GreA’s N-terminal coiled-coil domain fits within a

secondary channel of RNA polymerase (RNAP). This

places two negatively charged residues (Asp-41 and

Glu-44), located at the tip of the coiled-coil domain, in

close proximity to an essential Mg2+ ion at RNAP’s cata-

lytic center. The size and orientation of the coiled-coil

domain residues, in particular the placement of the resi-

dues at the tip, are critical for catalysis and interaction

with RNAP (Laptenko et al. 2003). Mutation of these and

other tip residues decreases GreA activity, without affect-

ing RNAP binding (Laptenko et al. 2003). Removal of the

functional group of Lys-43 beyond the b carbon (by

mutation to alanine) did not significantly affect transcript

elongation in vitro (Laptenko et al. 2003), suggesting that

Lys-43 either plays no significant role in GreA function

or that its influence depends on maintenance of the func-

tional group, such that its charge matters. It is easy to

imagine that a positive charge (Lys-43) located adjacent

to a negative charge (Glu-44) that coordinates an essential

catalytic Mg2+ ion could influence catalytic function and

that neutralization of that charge by acetylation could be

used to regulate function. Lys-43 is not conserved in the

GreA homologs GreB and DksA, whose coiled-coil

domains also fit within the secondary channel (Laptenko

et al. 2003). These proteins perform similar, but not iden-

tical, functions that are determined by the identity of the

tip residues (Rutherford et al. 2007). Further testing is

necessary to determine the biological consequence of acet-

ylating Lys-43.

GadA, a glutamic acid decarboxylase that helps bacteria

survive extreme acidic stress (De Biase et al. 1999), con-

tains a CobB-sensitive acetylated lysine (Lys-4). GadA

exists as a dimer, but may also adopt a hexameric form.

The helix on which Lys-4 resides helps to stabilize the

hexamer (Dutyshev et al. 2005). To our knowledge, the

role of Lys-4 in GadA has not been described and thus

the biological effect of acetylating this residue remains

unknown.

CobB substrate specificity

CobB selectively deacetylates certain acetyllysine sites but

not others, even within the same protein (Tables 1 and

S3) (Kuhn et al. 2014). We reported similar effects for

mammalian SirT3 (Rardin et al. 2013). What determines

specificity? One characteristic is surface accessibility.

CobB-sensitive acetyllysines tended to be located near

protein surfaces, most often on a loop or an a-helix that

protruded into solution (Fig. 4, Tables S6 and S8). Such
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residues should be easily accessible to an enzyme. This

requirement for accessibility is one obvious reason why

some less surface-exposed acetyllysines, dependent only

upon the small molecule acP for their acetylation, might

not be CobB targets.

Another characteristic is the local chemical environ-

ment. High-throughput peptide array (SAMDI) experi-

ments showed that CobB, in either the purified

recombinant form or the native form within cell lysate,

favored acetyllysine substrates adjacent to residues that

are large hydrophobic and nonpolar (Phe and Trp), posi-

tively charged (Arg), or large hydrophilic and polar (Tyr),

while disfavoring substrates adjacent to prolines and resi-

dues that are acidic and negatively charged (Asp and Glu)

(Fig. 3A–D). Inspection of CobB-sensitive acetyllysines, as

determined by quantitative mass spectrometry, revealed

an almost opposite profile (Fig. 3E). Examination of the

3D structure of CobB acetyllysine substrates found a pat-

tern similar, but not identical, to that obtained by quanti-

tative mass spectrometry: most often the residues adjacent

to the substrate lysine were aspartate, glutamate, alanine,

glycine, and tyrosine residues (Fig. 3G, Table S7). Because

examination of 1D and 3D motifs yielded different

results, we consider the use of primary sequence alone

inadequate to make predictions concerning CobB sub-

strate specificity. Instead, we recommend the use of crys-

tal structures to analyze the 3D environment of the CobB

substrate lysine.

CobB showed rather broad substrate specificity in the

SAMDI assay (Fig. 3A). This broad specificity could be

due to the fact that SAMDI uses small peptides that could

interact favorably with the hydrophobic region near

CobB’s active site. Furthermore, small peptides have fewer

constraints compared to full-length proteins, which con-

tain more residues and surface area. Full-length proteins

also can undergo conformational changes that could con-

trol substrate recognition. Indeed, peptides and proteins

have distinct binding modes to CobB (Zhao et al. 2004).

It is, therefore, likely that distal interactions between

CobB and its protein substrates also control specificity in

addition to residues directly adjacent to the acetylated

lysine (Zhao et al. 2004).

Concluding Remarks

CobB appears to be a flexible enzyme. CobB can deacety-

late acetyllysines without regard for the acetyl group

donor (this study) and it can reverse Ne-lysine succinyla-

tion (Colak et al. 2013). CobB appears to be the predom-

inant, or perhaps only, KDAC in E. coli. CobB appears to

deacetylate only a fraction of the acetyllysines detected by

quantitative MS. Taken together, these observations beg

the question: how does the cell cope with large numbers

of acetylations that cannot be reversed? Finally, our find-

ings may have broad impact, as many species are pre-

dicted to express CobB homologs (Hildmann et al. 2007).
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Ontology assessment of cobB-sensitive acetylly-

sine sites. Fifty-one proteins that exhibited significant

upregulation of 69 acetyllysine sites in the cobB mutant

relative to WT were subjected to ontology analysis using

Panther. (A) Molecular function GO categories, and (B)

Biological processes GO categories.

Figure S2. Anti-acetyllysine Western immunoblot analy-

ses. (A) E. coli WT (strain MG1655) and isogenic mutants

cobB (strain AJW5037), yfiQ (strain AJW5184), and cobB

yfiQ (strain AJW5118) were aerated at 37°C in TB7 and

harvested at 3 time points, when the OD610 reached 0.5

or 1.0, and then at 8 h. The white arrow points to a 70-

kDa band that depends on YfiQ and CobB. (B) WT

(strain AJW678), the cobB mutant (strain AJW4343), the

yfiQ mutant (strain AJW4344), and the double cobB yfiQ

mutant (strain AJW5109) were aerated in TB7 at 37°C
and harvested at three time points, when the OD610

reached 0.5 or 1.0, and then at 8 h. The white arrow

points to a 70-kDa band that depends on YfiQ and

CobB.

Table S1. Acetyl sites that are significantly regulated in

the cobB mutant relative to WT. Defined as ratio >2 with

P < 0.05 in at least three out of four biological replicates.

Table S2. Ontology analysis of proteins with CobB-regu-

lated acetyllysines. (A) Panther ontology analysis, (B)

pathway enrichment analysis, KEGG pathways, and (C)

pathway enrichment analysis, gene ontology.

Table S3. Analysis of acetylated ribosomal proteins. (A)

Ribosomal proteins with acetylated peptides that were sig-

nificantly upregulated in the cobB mutant relative to the

WT mutant. (B) Ribosomal proteins with acetylated pep-

tides that were significantly upregulated in the cobB

mutant relative to the WT parent (top) or significantly

upregulated in the ackA mutant relative to the WT parent

(bottom). (C) Acetyllysines that were upregulated in

either the cobB mutant, the ackA mutant or both.

Table S4. The average deacetylase activity of recombinant

CobB and lysates (WT and cobB deletion mutant) toward

an acetylated peptide library using the SAMDI technique.

Table S5. Analyzing the residues neighboring CobB-sensi-

tive and not sensitive lysines. Sixty-nine sites that exhib-

ited significantly upregulated acetylation (ratio >2 with a

P < 0.05 in at least three out of four biological replicates)

in the cobB mutant relative to WT were analyzed. The

amino acid frequencies were determined for the 51 pro-

teins that had significantly upregulated acetyllysine modi-

fications. The frequencies of the residues in the �1 and

+1 positions relative to both the 69 CobB-sensitive and

760 non-CobB-sensitive lysines were determined. The fre-

quencies of each amino acid neighboring these lysines

were normalized to the frequencies of each amino acid in

the 51 proteins. Ten lysine residues that were the terminal

amino acid of a protein were not included in this analysis

due to these residues lacking a + 1 position.

Table S6. Protein structures from the Protein Data Bank

(PDB) used for 3D analysis of CobB substrate proteins.

Substrate lysines for each protein identified by quantita-

tive mass spectrometry are shown, as well as their corre-

sponding lysine numbering in the structure. Homologous

structures were used if no structure for E. coli had been

determined. The type of secondary structure that contains

the substrate lysine is also indicated.

Table S7. Amino acid residues adjacent to CobB substrate

lysines in 3D. For candidate CobB substrates, amino acid

residues that are adjacent to the substrate acetyllysine in

3D are shown. When appropriate, the residues from

homologous structures are shown, but the corresponding

residues in E. coli were used for further analysis. Yellow

highlight indicates the substrate lysine residue, while cyan

highlights the adjacent residues identified from 3D struc-

tures. LuxS from Bacillus has an insertion prior to the

substrate acetyllysine that is not present in E. coli. There-

fore, the corresponding adjacent residue in this region of

the protein is not clear. If the identity of the residue adja-

cent to the acetyllysine was not clear from the structure,

that residue is indicated with “X.”

Table S8. Correlation of adjacent residues to the CobB

substrate acetyllysine in 1D versus in 3D. To determine

the correlation, the three amino acids in 3D were com-

pared with the SAMDI deacetylation profile for recombi-

nant CobB (Fig. 3). An “X” indicates that the residue

adjacent to the acetyllysine was unclear. A question mark
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indicates those 3D sequences whose correlations could

not be determined due to the absence of an adjacent resi-

due.

Table S9. Proteins with acetylated lysines found in the

cobB ackA mutant and identified by mass spectrometry.

A gel slice corresponding to the band indicated by the

upper black arrow in Figure 5B was cut from a parallel

SDS-polyacrylamide gel and subjected to mass spectrome-

try: (A) EF-Tu (TufA), (B) Pgk, (C) FbaA, and (D)

GapA.
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