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Escherichia coli has a crucial importance in biotechnology. One of the advantages that E. coli offers is 
its capability to catabolize different carbon sources. Along this line, this project will study one of the less 
known pathways in this bacterium: the phenylacetic acid catabolism. Phenylacetic-CoA ligase (PaaK) 
and 2-hydroxycyclohepta-1, 4, 6-triene-1-carboxyl-CoA thioesterase (PaaY) are two enzymes involved 
in the catabolism of phenylacetic acid (PA) and both are poorly characterized. It was possible to design 
and construct and overexpression vector to PaaK, which was lacking in ASKA collection. Both enzymes 
were overexpressed and purified linked to a 6 His-tag. Using techniques as LC-MS/MS, Western blot, 
electrophoresis gel and bioinformatics tools it was possible to study those proteins. An in silico PaaK 
dimer model and PaaY trimeric model based on hydrophobic and electrostatic interactions are pro-
posed and validated by 3D hydrodynamic analysis. Lysine acetylation, as an important post-
translational modification in the metabolic regulation, was studied and it was observed that both en-
zymes suffer chemical acetylation by acetyl-coenzyme A and acetyl-phosphate; that PaaY has acetyl-
transferase activity and PatZ (until now the only known acetyltransferase protein in E. coli) shows lysine 
acetylation specificity to PaaY. These date reveal for the first time a strong evidence of the existence of 
a new acetyltransferase protein in E. coli. 
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INTRODUCTION 
 

Aromatic compounds are widely distributed in the 
environment and they constitute a normal carbon 
source for many microorganisms (1–3). After car-
bohydrates, they are the most abundant class of 
organic compounds used by nature and their con-
centrations have recently increased in many eco-
systems as a consequence of pollution levels (4). 
Phenylacetic acid (PA) is an organic compound to 
which pollutants, such as styrene and trans-
styrylacetic acid, as well as other aromatic com-
pounds, such as 2-phenylethylamine, phenylacetal-
dehyde, and several phenylalkanoic acids with an 
even number of carbon atoms, converge through 
different peripheral catabolic pathways and are di-
rected to the Krebs cycle (5, 6). PA and its esters 
are extensively used in plastic, textile, paper, insect 
repellent, pesticide and cosmetic industry and there 
has been enormous apprehension about their re-
lease into the environment and their toxicity to liv-
ing beings (7). PA is also considered a model for 
xenobiotic compounds (8, 9). Therefore, the fact 
that the catabolism of a xenobiotic compound 
model undergoes in E. coli is studied, has huge 
application in the field of bioremediation (9–11).  

Aerobic PA catabolism in E. coli has been re-
ported to represent a novel aerobic hybrid pathway: 
although being aerobic, its catabolic intermediates 
(aryl-CoA derivatives) were, until recently, consid-
ered to be specific of anaerobic catabolic pathways 
(12, 13). In this sense, the existence of a hybrid 
pathway for PA catabolism in E. coli could reflect 
the facultative anaerobic character of this bacte-
rium (1). The aerobic hybrid pathway of PA degra-
dation in bacteria was initially described in Pseu-
domonas putida U (14) and Escherichia coli W 
(15). Despite the substantial progress made 
through studies in this field, there is still a lack of 
certainty in what regards it. In this pathway, it is 
suggested that PA is first activated by a phe-
nylacetic-CoA ligase, requiring ATP, to PA-CoA 
which subsequently undergoes a putative ring hy-
droxylation by multicomponent oxygenase, being 
transformed into its ring-1, 2-epoxide that evolves 
to the formation of an oxepin-CoA intermediate. 
Then, it suffers ring opening to form an aliphatic 
compound (dehydrosuberyl-CoA) and further        
β-oxidation-type degradation through a proposed 
pathway that involves CoA thioesters and that con-
verges with the classical β–ketoadipate pathway at 
the β-ketoadipyl-CoA intermediate, ending with the 
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synthesis of acetyl-CoA and succinyl-CoA (14–19). 
At this point, PA-CoA is the only intermediate of the 
PA pathway that has been unequivocally character-
ized in E. coli (2).  

It is proven that the paa operon from E. coli en-
codes 14 polypeptides involved in the catabolism of 
PA (20). The genes in the paa cluster are orga-
nized in three transcriptional units: two of them, 
paaZ and paaABCDEFGHIJK, encode the catabol-
ic genes, and the third, paaXY, contains the paaX 
and paaY regulator genes.  

In this work it will be studied two proteins from PA 
catabolism, PaaK and PaaY. There is experimental 
evidence that the gene paaK codifies the protein 
phenylacetyl-CoA ligase (48.95 KDa) in E. coli (15). 
This enzyme (EC number: 6.2.1.30) is the enzyme 
responsible to catalyse the first step in the pathway 
of PA degradation, which consist in activation of PA 
to PA-CoA, and it is located at the 3’ end of the paa 
operon (1, 15, 20–22). However, biochemical data 
for PaaK are lacking. To date, only phenylacetyl-
CoA ligase from Pseudomonas putida U and from 
Azoarcus evansii have been purified and character-
ized, but unfortunately, these enzymes are highly 
unstable and difficult to synthesize non-enzymati-
cally (14, 23, 24). Another important aspect that in-
creases the idea that PaaK is an unstable protein is 
the fact that the mutant paaK is absent in ASKA 
collection. Moreover is the only one from the paa 
cluster that is not present (25).  

The paaY gene, which codifies the protein          
2-hydroxycyclohepta-1, 4, 6-triene-1-carboxyl-CoA 
thioesterase (PaaY) it is still very unknown, as well. 
Previously overexpression and purification experi-
mental tests have determined that this enzyme has 
a quaternary structure. Furthermore, sedimentation 
studies at different concentrations of PaaY were 
made and have demonstrated that the protein acts 
as a homotrimer (17). The average molecular 
weight is 62 200 Da for the trimer (18), while for the 
monomer it is 21 325 Da (26). Currently, the role 
that is given to PaaY is to carry out a cellular detox-
ification in the PA pathway (18).  Additionally, re-
cently it has been proposed that PaaY also has a 
regulatory function, possibly by inactivating PaaK 
through acetylation (18). 

Lysine acetylation is an important post-transla-
tional modification in the metabolic regulation of 
both prokaryotes and eukaryotes. Lysine acety-
lation can be defined as the transfer of an acetyl 
group (-COCH3) from a convenient biochemical 
donor molecule (usually acetyl-coenzyme A or ace-
tyl-phosphate) to lysine amino group (27, 28). 
Acetylation can occur enzymatically, where it is 

catalysed by specific transferases, or non-enzy-
matically, i.e., in a chemical way. In E. coli, PatZ 
(formerly YfiQ) is the only known acetyltransferase 
protein and it is responsible for acetyl-CoA synthe-
tise (Acs) acetylation (29). Acetylation reactions 
can be deacetylated by the sirtuin CobB (30–32). 
Immunoblotting and mass spectrometry analysis 
showed that Acs activity is post-translationally 
regulated by acetylation of Lys-609 by PatZ (33). In 
this line, an alignment of the Acs and PaaK, from 
E. coli, was done and it was observed that Lys-609 
from Acs is homologous to Lys-424 from PaaK. 
Therefore, there is the possibility that PatZ can 
show some specificity to this specific lysine from 
PaaK. Additionally, as mentioned previously, PaaY 
can have acetyltransferase activity, a possibility 
that was not confirmed. This way, the main goals of 
this study are to characterize the lysine acetylation 
of PaaK and PaaY and correlate it with the PA deg-
radation. The vast number of biotechnological ap-
plications that are carried out using E. coli makes 
crucial to properly understand its protein modifica-
tion regulatory mechanisms. Thus, a better under-
standing of the bacteria metabolic function is the 
key for biotechnological processes optimization. 
 

EXPERIMENTAL PROCEDURES 
 

Construction of PaaK overexpression vector — 
The 1314 bp paaK gene of E. coli BW25113 was 
PCR-amplified and cloned into the pRSET-C plas-
mid. DNA manipulations and other molecular biolo-
gy techniques were performed essentially as de-
scribed (34). The resulting vector was named 
pRSET-C+paaK. Before ligation, the gene and the 
plasmid suffer double digestion by the restriction 
enzymes PstI and EcoRI. The plasmid was purified 
using the commercial kit GeneJET Plasmid Mini-
prep Kit (Thermo Scientific) and the gene was 
cleaned with the GeneJET PCR Purification Kit 
(Thermo Scientific). It was conducted ligation ratios 
between the plasmid and the gene of 1:3 and 1:5. 
All the steps were validated by an agarose gel 
electrophoresis. The inserted gene was sequenced 
with a 4 capillaries sequencer model AB Prism 
3130 from Applied Biosystems. All molecular biolo-
gy enzymes used were from Thermo Fisher Scien-
tific. The strains, plasmid and primers used are 
listed at Table 4. 

Overproduction and purification of proteins — E. 
coli BL21 (DE3) cells were made chemically com-
petent by Rubidium chloride method (35). Chemi-
cally competent E. coli BL21 (DE3) or E. coli BL21 
(DE3) pLysS strains were transformed by heat 
shock at 42 °C. Cultures were performed in Luria 
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Broth (LB) medium (10 g/L tryptone, 5 g/L yeast 
extract and 5 g/L NaCl) with ampicillin (100 µg/mL) 
and also with chloramphenicol (30 µg/mL) in the 
case of E. coli BL21 (DE3) pLysS.  The expression 
was induced with isopropyl-β-D-thiogalactopyra-
noside (IPTG) 1 mM at an optical density at 600 
nm (OD600) of 0.5 (for E. coli BL21 (DE3) cultures) 
or 1 (for E. coli BL21 (DE3) pLysS cultures). Initial-
ly, the culture started to grow at 37 °C, but after 
induction the temperature was changed to 30 °C 
(for E. coli BL21 (DE3) cultures) or to room tem-
perature (RT) (for E. coli BL21 (DE3) pLysS cul-
tures) and they were allowed to grow for 4 (for E. 
coli BL21 (DE3) cultures) or 3 (for E. coli BL21 
(DE3) pLysS cultures) more hours. 
Cells were harvested by centrifugation, thoroughly 
washed with 0.9% NaCl and re-suspended in 10 
mL of binding buffer (50 mM potassium phosphate 
pH 7.5 containing 500 mM NaCl and 20 mM imid-
azole), supplemented with EDTA-free protease 
inhibitor (SigmaFast Protease Inhibitor Cocktail 
Tablet, from Sigma Aldrich). Afterwards, cells were 
lysed by sonication for 2 min (20 sec. each pulse) 
on ice using a Vibra Cell sonicator (Sonicator Son-
ics & Materials,). The lysates were clarified by cen-
trifugation at 10000 xg for 15 min at 4 ºC. Recom-
binant proteins were purified by immobilized metal 
affinity chromatography (IMAC). The cell free ex-
tract was loaded into a 5 mL HisGraviTrap column 
(GE Healthcare) and washed with washing buffer 
(50 mM potassium phosphate buffer pH 7.5 con-
taining 500 mM NaCl and 50 mM imidazole). The 
His6-tagged proteins were eluted with the elution 
buffer (50 mM potassium phosphate buffer pH 7.5 
containing 500 mM NaCl and 250 mM imidazole). 
The salts and imidazole from protein-containing 
fractions were removed with a PD-10 Sephadex G-
25 column (GE Healthcare). Purified proteins were 
kept in storage buffer (50 mM potassium phos-
phate buffer pH 7.5 containing 200 mM NaCl, 20% 
v/v glycerol and 5mM of PA) at -80 ºC until used. 
The Bradford method was used to determine the 
protein concentration, with bovine serum albumin 
as the standard (36). 

SDS-PAGE and NATIVE electrophoresis — Pro-
teins were analysed by SDS-PAGE electrophoresis 
on 10% acrylamide gels using a Mini-Protean cell 
(Biorad). For native electrophoresis, NativePAGE 
4-16% Bis-Tris gels and NativeMarkTM Unstained 
Protein Standard (Life Technologies) were used. 
The proteins were detected by Coomassie Blue 
staining (Thermo Fisher Scientific). 

Enzymatic activity studies — The PaaK activity 
was determined based on the coupled assay re-

ported by Williamson and Corkey (37). AMP pro-
duction was detected via a coupled-enzyme assay 
in which myokinase (MK), pyruvate kinase (PK) 
and lactate dehydrogenase (LDH) (all from Sigma-
Aldrich) couple AMP production to NADH oxidation. 
Standard PaaK activity assays (0.2 mL) were per-
formed at 37 °C in 50 mM potassium phosphate 
buffer at pH 7.5 containing 3 mM phosphoenolpy-
ruvate (PEP), 5 units MK, 1 unit PK, 1.5 units LDH, 
5 mM MgCl2, 2.5 mM ATP, 1.5 mM CoA, 0.1 mM 
NADH, 5 mM PA and 1 mM dithio-threitol (DTT). 
The study was preceded with a PaaK concentration 
range between 50 nM and 500 nM. All reactions 
were performed in triplicate. Specific activity was 
calculated from the extinction coefficient of 6.22 
mM-1 cm-1 for the oxidation of two molecules of 
NADH for each AMP released. One unit of PaaK 
activity is defined as 1 μmol of acetyl-CoA formed 
per minute at pH 7.5 and 37 °C. The activity 
measures were performed using a spectrophotom-
eter Synergy HT (BioTek) at a wavelength of 340 
nm, and it was properly converted into activity val-
ues (μmol/min).  

Acetylation reactions — Reactions were prepared 
using both purified enzymes. The concentration of 
PaaK used was 12 μM and it was mixed with either 
acetyl-CoA 1 mM; or acetyl-P 1 mM; or PatZ 60 nM 
in the presence of acetyl-CoA or acetyl-P, both at 
1mM; or PaaY 60 nM in the presence of acetyl-
CoA or acetyl-P, both at 1mM. On the other hand, 
PaaY was mixed with acetyl-CoA 1 mM, or acetyl-P 
1 mM, or PatZ 60 nM in the presence of acetyl-CoA 
1 or acetyl-P, both at 1 mM. The mixtures were 
prepared in 0.5 mL eppendorfs and the reaction 
occurred during 2 hours at 37 °C. 

Detection of lysine acetylated proteins by western 
blot analysis — Lysine acetylated proteins were 
separated by SDS-PAGE. The proteins were trans-
ferred to PVDF membranes using a semi-dry trans-
fer unit (Trans-Blot® SD Semi-Dry Transfer Cell, 
Bio-Rad). The membranes were incubated with a 
primary rabbit monoclonal anti-acetyl-lysine anti-
body (InmuneChem) and a goat anti-rabbit IgG 
secondary antibody (Santa Cruz Biotechnology). 
Finally, the membranes were incubated for 10 min 
with Amersham ECL Western blotting detection 
reagent (Thermo Scientific).  

Liquid Chromatography–Tandem Mass Spec-
trometry Assay (LC-MS/MS) — Samples were al-
kylated with 100 mM iodoacetamide (IAA) during 
30 min at room temperature, in the dark. Proteins 
were digested with 0.5-1 μg of Trypsin Gold Prote-
omics Grade (Promega) for 3 h at 37 ºC. Reaction 
was stopped with 0.1% formic acid and samples 
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were dried using a vacuum evaporator. Tryptic 
peptides generated from the samples were sepa-
rated and analysed by LC-MS/MS system. An Ag-
ilent 1100 (Agilent Technologies) was equipped 
with a Zorbax SB-C18 HPLC column (Agilent 
Technologies) and connected to an Agilent Ion 
Trap XCT Plus mass spectrometer (Agilent Tech-
nologies), using an electrospray (ESI) interface. 
Two mobile phases were used: phase A, com-
posed by water/acetonitrile/formic acid (94.9:5:0.1, 
v/v) and phase B, consisting in wa-
ter/acetonitrile/formic acid (10:89.9:0.1, v/v). The 
digested peptides were re-suspended in 20 µl of 
phase A and eluted using a linear gradient from     
0-80% phase B, for 180 min and at a flow rate of 
10 µL/min. The mass spectrometer was operated in 
the positive mode with a capillary spray voltage of 
3500 V and a scan speed of 8100 (m/z)/sec from 
50 to 2200 m/z, with a target mass of 1000 m/z, 
and 3 spectra averaging. The nebulizer gas pres-
sure was set to 15 psi, whereas the drying gas was 
set to a flow of 5 L/min at a temperature of 350 ºC. 
MS/MS data were collected in an automated      
data-dependent mode (AutoMS mode). Data pro-
cessing was performed with Data Analysis program 
for LC/MSD Trap Version 3.3 (Bruker Daltonik) and 
Spectrum Mill MS Proteomics Workbench (Agilent 
Technologies) (38, 39). After an automatic valida-
tion of the results, a summary of the identified pro-
teins with the sequence of the digested peptides 
was reported. Peptides were considered valid with 
a score threshold above 5, and percentage-scored 
peak intensity higher than 70%.  

Protein modelling with bioinformatics tools — It 
was built a model to study the tertiary structure of 
PaaK and PaaY using Phyre2 (40), ProQ2 (41), 
fpocket2 (42), CDD (43), ClusPro2 (44), Predict 
Protein (45) and Procheck (46). 

Studies using PA as a carbon source — The 
strains E. coli K12 BW25113 (Wild-type), E. coli 
K12 ΔpatZ, E. coli K12 ΔcobB, E. coli ΔpaaX and 
E. coli ΔpaaY were grown on minimal medium M9 
(pH 7.4) (10 mM (NH4)2SO4, 8.5 mM NaCl, 40 mM 
Na2HPO4, 20 mM KH2PO4, 1 mM MnSO4, 0.1 mM 
CaCl2, 185 µM mg/L FeCl3, 175 µM EDTA, 7 µM 
ZnSO4, 7 µM CuSO4, 7 µM MnSO4, 7 µM CoCl2 
and 1 µM Thiamine HCl). As carbon source it was 
used PA 5 mM. Samples were taken periodically to 
follow its growth and the OD600 values measured 
were correlated with the amount of dry cell weight 
(DCW) (47). At an OD600 of 0.5, samples of 5 mL 
were taken and centrifuged at 3000 rpm during 15 
min. The pellet was re-suspended with 100 μL of 
phosphate buffer and the protein concentration was 

measured. A Western Blot to the samples was per-
formed 
 

RESULTS AND DISCUSSION 
 

An overexpression vector to PaaK — It was pos-
sible to construct a vector by the ligation of pRSET-
C with paaK gene, with both ratios 1:3 and 1:5. 

PaaK purification — The vector pRSET-C+paaK 
was transformed into chemical competent cells of 
E. coli BL21 (DE3) and E. coli BL21 (DE3) pLysS 
and the best conditions to its over-expression and 
purification were studied. Using strain BL21 (DE3) 
it was only perceptible a slight overexpression 
when the culture starts to grow at 37 °C, and it was 
induced at an OD600 of 0.5 with IPTG 1 mM, fol-
lowed by a temperature decrease to 30 °C. When 
the culture's temperature was always 37 °C, no 
overexpression was observed. It was also verified 
that the inductor concentration does not affect the 
protein overexpression (data not shown). The puri-
fication SDS-PAGE gel shows that the protein of 
interest eluted with three more proteins. Results 
were analysed by LC-MS/MS and the proteins 
were identified as being ArnA, GroEL-60, PaaK 
and a protein from the FKBP family (Figure 1 and 
Table 1).  

 
Figure 1. SDS-PAGE gel of the fractions collected during 

PaaK purification using immobilized metal ion affini-
ty chromatography. MW, Molecular weight marker; EXT, protein 
extract; FT, flow through; W_1, wash_1; W_1, wash_2; W_3, 
wash_3; 6, elution; A, B, C and D identifies the bands purified. 

 
Table 1. Identification of the proteins purified by IMAC and the 

bands observed in the native gel. The bans A, B, C and D cor-
respond to the bands labelled on Figure 1. 

Band Protein Name Score Cover 
% Intensity 

A Bifunctional polymyxin 
resistance protein ArnA 68.73 8 5.20x105 

B 60 kDa chaperonin 134.33 26 3.52x105 
C Phenylacetyl-coenzyme A 

ligase 185.83 41 8.70x106 

D FKBP-type peptidyl-prolyl 
cis-trans isomerase 14.87 4 1.6x105 

 

The three protein contaminants are often identi-
fied as being usually co-purified during IMAC pro-
cedures (48, 49). Moreover, PaaK was obtained in 
a small concentration (0.07 – 0.2 mg/L) what does 
not allow to precede with the study. As an attempt 
to improve the purity and concentration of PaaK, 
pRSET-C+paaK was transformed into chemical 
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competent cells of E. coli BL21 (DE3) pLysS. This 
strain is able to suppress basal expression of toxic 
target proteins prior to induction, stabilizing the 
overexpression of recombinant proteins that affects 
cell growth and viability (50–52). It was observed 
that starting the culture at 37 °C, inducing it at an 
OD600 of 1 with IPTG 1 mM and reducing the tem-
perature to RT allows a strong overexpression of 
PaaK, than before. The purified PaaK from this 
strain eluted pure but with a small concentration, as 
previously. Up to this point, all purification proce-
dures have been carried out using binding buffer 
upon the sonication step and at the end of the puri-
fication it was added a storage buffer with a com-
position of 50 mM NaH2PO4 and 10% v/v glycerol. 
Once PaaK is desired pure, soluble and functional, 
based on publications about purification of insolu-
ble proteins, it was performed an optimization of 
the binding and storage buffer used (23, 53–55). It 
was decided to change the composition of the stor-
age buffer to 50 mM NaH2PO4, 200 mM Nacl; 20% 
v/v glycerol and 5 mM PA, as described in the ex-
perimental procedure section. Also, at the begin-
ning of the purification procedure, when the binding 
buffer is used, it was added 20% v/v glycerol and 5 
mM PA to it. The addiction of a co-solvent (such as 
glycerol), salt (for example, NaCl) and the pre-
sence of the enzyme substrate (for PaaK it is PA) 
is described to improve the stability of proteins in 
aqueous solution (56–59). With these conditions, it 
was possible to purify PaaK with a higher concen-
tration (1.5 – 1.9 mg/mL), however the protein re-
vealed to be insoluble in aqueous solution, re-
sulting in instability and protein aggregation.  

PaaK activity and stability — Upon PaaK purifica-
tion, it was observed that the protein tended to pre-
cipitate, therefore it was decided to determine its 
activity from the culture's supernatant and the pel-
let. The pellet was re-suspended with phosphate 
buffer. The protein from the supernatant and the 
pellet were studied at a protein concentration range 
between 50 nM and 500 nM. It was found that 
PaaK purified from the culture supernatant from the 
strain E. coli BL21 (DE3) pLysS, does not show 
activity in a concentration range between 50 nM 
and 500 nM. On the other hand, for the PaaK pre-
sent in the pellet it was possible to obtain its specif-
ic activity. This activity was defined as product or 
substrate per milligram of total protein and time 
(expressed in mmol min−1mg−1) and it is character-
istic of an enzyme in particular conditions. Conse-
quently, to PaaK purified from the culture pellet 
from the strain E. coli BL21 (DE3) pLysS, its specif-
ic activity was 270.33 ± 5.23 mmol min−1mg−1. It 

was still possible to determine the enzyme deacti-
vation after 24 hours: the enzyme activity was 
measured 24 hours after the first assay and the 
values were compared. Between both measures, 
the protein was stored at 4 °C. It was found that, in 
24 h, the percentage of enzyme deactivation was 
39,9 %. In fact, it was clearly observed that past 24 
h, the protein from the pellet, that had been solubil-
ized, had precipitated. 
It is evident that PaaK is extremely unstable and 
sensitive. Not only the protein with enzymatic ac-
tivity tends to aggregate and precipitate, but also it 
loses its activity quickly. 

PaaY purification — The vector to overexpress 
PaaY (pRSET-C+paaY) was constructed as 
pRSET-C+paaK, but it was already available on the 
department where the study was performed. The 
vector pRSET-C+paaY was transformed into E. coli 
BL21 (DE3) chemical competent cells and the best 
conditions to its overexpression and purification 
were studied. The culture starts to grow at 37 °C 
and induced at an OD600 of 0.5 with 1 mM of IPTG, 
then the temperature was lowered to 30 °C. The 
over-expression of PaaY and its purification are 
clear (data not shown). It was possible to purify the 
protein with a concentration of 1.18 mg/mL. Both 
PaaK and PaaY were stored at -80 °C until further 
studies.  

Native conformation — Native-page gel was per-
formed and its bands were analysed by LC-MS/MS 
(Figure 2 and Table 2). It was concluded that PaaY 
shows a highly oligomeric structure which was not 
expected, because there is experimental evidence 
that PaaY acts as a homotrimer (17). About PaaK, 
it is no clear by mass spectrometry analysis, but it 
could have a dimeric structure.  

 

 
Figure 2. NATIVE gel of PaaK and PaaY obtained from different 
purification. MW, Molecular weight marker; 1, PaaK purified 
from E. coli BL21 (DE3) at 0.12 mg/mL; 2, PaaK purified from E. 
coli BL21 (DE3) at 0.27 mg/mL; 3, PaaK purified from E. coli 
BL21 (DE3) at 0.15 mg/mL; 4, PaaK purified from E. coli BL21 
(DE3) at 0.21 mg/mL; 5, PaaK purified from E. coli BL21 (DE3) 
pLysS at 0.067 mg/mL; 6, PaaY purified from E. coli BL21 (DE3) 
at 1.18 mg/mL; 7, PaaY purified from E. coli BL21 (DE3) at 0.72 
mg/mL; 8, PaaY purified from E. coli BL21 (DE3) at 0.81 mg/mL. 
E, F, G and H identifies the bands obtained.  
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Table 2. The bans E, F, G and H correspond to the bands la-
belled on Figure 2. The protein identification was obtained by 
LC-MS/MS. N.I., not identified. 
Band Protein Name Score Cover % Intensity 

E N.I. - - - 
F ArnA 21.5 2 1.61x105 
G N.I. - - - 
H PaaY 72.24 42 1.44x106 

 

Lysine acetylation — In order to study the acety-
lation level and mechanism (enzymatic and/or 
chemical acetylation) of PaaK and PaaY it was per-
formed an assay using western blot analysis of 
both proteins under different acetylation conditions 
(Figure 3). There is evidence that PaaK and PaaY 
are deacetylated in vivo under the conditions used 
in the purification procedures. Both enzymes suffer 
chemical acetylation by acetyl-CoA and acetyl-P. 
Wherein, it is visible a strong chemical acetylation 
of PaaY from acetyl-P. PaaK shows acetylation in 
the presence of PatZ and acetyl-CoA; PaaY and 
acetyl-CoA and PaaY and acetyl-P. In its turn, 
PaaY shows a slight acetylation in the presence of 
PatZ and acetyl-CoA. Lysine acetylation study by 
the Western blot technique shows some limitations 
regarding the difficulty to measure the proportion of 
lysine residues that are acetylated and to identify 
any specificity. In order to overcome those limita-
tions, the reactions were analysed by mass spec-
trometry.  
From reactions 1 to 7 (Figure 3), which regard to 
PaaK acetylation, it was only possible to identify, 
within the limits of Score and SPI (Table 5), one 
acetylated lysine. Reaction 4 corresponds to PaaK 
in the presence of PaaY and acetyl-CoA, where 
PaaY is expected to act as acetyltransferase. As a 

 

matter of fact, the identification of Lys-424 as being 
acetylated in this reaction is an evidence that PaaK 
could act as acetyltransferase. It is important to 
mention that this lysine is the one homologous to 
the one from Acs, that PatZ shows specificity with. 
The lack of other lysines identification may be due 
to low concentration of PaaK. 
It was identified that PaaY is purified with the lysine 
153 acetylated. Thus, even if not identified, it is 
expected to find Lys-153 acetylated in all the others 
reactions of PaaY. Regarding chemical acetylation, 
it was possible to detect that Lys-139 is acetylated 
in the presence of acetyl-CoA as an acetyl group 
donor. In the other hand, in PaaY, were identified 
five lysines acetylated in the presence of PatZ and 
acetyl-CoA. Lysine 153 was identified as being 
acetylated when PaaY is purified and lysine 139 
was found to be associated with chemical acetyla-
tion. Thereby, it is possible for PatZ to show some 
specificity to Lys-33, Lys-53 and Lys-122 from 
PaaY. 

Correlation between the proteins models and re-
sults previously described — A reliable predictive 
model for PaaK dimer was built with bioinformatics 
tools (Figure 4). The model obtained justifies 
PaaK’s huge hydrophobicity and it was determined 
that 58.35% of solvent accessibility is buried, which 
explains the difficulties found to purify this protein 
properly. Also, the Lys-424 from PaaK, which was 
identified as being acetylated by PaaY, is part of 
the protein's AMP binding and active site, reflecting 
its importance.  
From the native gels analysis it was concluded that 
PaaY shows a highly oligomeric structure. However 
 
 

 

 
Figure 3. Western blot with the identified reactions (above) and Western blot Coomassie-stained membrane (below). MW, Molecular 
weight marker. 



 

 
 

7 

there is experimental evidence that PaaY acts as 
an homotrimer (17) and, in this work, it was built a 
suitable 3D model for its homotrimer (Figure 5). 
The model is able to explain the PaaY’s hydropho-
bic character. None of the lysines identified as 
acetylated (Table 5) belongs to the binding site. 
 

 
Figure 4. PaaK modelling. At I it is represented the PaaK mon-
omer model by Phyre2 (job type intensive); in II, at red, it is a 
large pocket in PaaK; and at III it is the PaaK dimer modelled by 
ClusPro2, where the different colours specify different mono-
mers. 
 

 
Figure 5. PaaY model. At I it is the PaaY monomer model b 
Phyre2 (job type intensive); in II it is indicated at blue the PaaY 
pocket; and at III it is the PaaY trimer model. 

PA as carbon source — In order to reach a further 
insight about the impact of acetyltransferase, 
deacetylase and regulatory genes in the metabo-
lism of PA, the phenotypes of single deletion mu-
tants of genes patZ, cobB, paaX and paaY were 
analysed. It is known that, in glucose cultures, sin-
gle or double deletion of patZ and cobB had only 
slight effects on the growth kinetics (31). As control 
it was used the strain BW25113 from E. coli (Wild 
type). The cultures were made in MM9 with PA 5 
mM as the only carbon source. The culture moni-
toring allowed to determine its specific growth rate 
(μmax, h-1) and the specific biomass yield (YX/S, 
gDCW/mmol) (Table 3). 

It was observed that the deletion of cobB has a 
strong effect on the consumption of PA. Cultures 
with ΔpaaX and ΔpaaY were studied as well. Nev-
ertheless, it was observed that both cultures evi-
denced a lag phase larger than 100 h. Thus, 
ΔpaaX and ΔpaaY cultures growth was not charac-
terized. 

Table 3. Specific growth rate (μmax) and specific biomass yield 
(YX/S) from the strains grown in minimal medium with phenyla-
cetic acid 5mM as carbon source. 

 Wild type ΔpatZ ΔcobB 
μmax (h-1) 0.148±0.005 0.114±0.007 0.081±0.006 

YX/S (gDCW/mmol) 0.062±0.005 0.064±0.007 0.044±0.007 
 
The global pattern of protein acetylation of the five 
strains was compared using the Western blot tech-
nique with anti-acetyl-lysine antibodies (Figure 6). 
The objective of this experiment was to observe the 
general acetylome of these five strains. Post-
translational modification by acetylation is more 
abundant in ΔpatZ and ΔpaaY cultures. In fact, the 
acetylation behaviour is similar between this two, 
which is in accordance with the predict acetyltrans-
ferase role to PaaY.  
The acetylation pattern between ΔcobB and ΔpaaX 
are also similar. PaaX is a regulator protein: it acts 
as transcriptional repressor of the paa pathway 
(17). For this reason, it is surprising that the acety-
lation in ΔpaaX cultures is similar to the acetylation 
from ΔcobB cultures. This observation raises the 
hypothesis of an acetylation role to PaaX. But it is 
important to mention that PaaX has not been     
related with any acetylation function, until this mo-
ment. Another possibility is that this protein is re-
sponsible for the regulation of some  acetyltrans-
ferase and, in the manner of the facts, PaaX is re-
sponsible by the regulation of PaaY.   
The wild type seems to have an acetylation pattern 
slightly different from the four other strains.  

 

 
Figure 6. Western blot showing protein lysine acetylation in protein crude cell extract from different strains (I) and Western blot 
Coomassie-stained membrane (II). MW, Molecular weight marker; 1, E. coli BW25113 (wild type); 2, E. coli ΔcobB; 3, E. coli ΔpatZ; 
4, E. coli ΔpaaX; 5, E. coli ΔpaaY. 
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CONCLUSION 
 

In summary, this work features strong evidence 
that PaaY has acyltransferase activity. There is no 
doubt that more studies are required. Therefore, 
this work is an important basis for future studies 
that have to be carried out to confirm all the hy-
pothesis suggested and to unveil the post-
translational regulation of PaaK and PaaY. 

The study of how protein post-translational modi-
fication regulatory mechanisms affects PA metabo-
lism in E. coli is important, not only because E. coli 
is a model organism, but also because that 
knowledge could be used to improve some micro-
organisms for the degradation of PA-related aro-
matic environmental pollutants and for the synthe-
sis of pathway intermediates, what can be useful 
for the production of new or modified antibiotics 
and bio-plastics (3, 12, 15). It is also medical rele-
vant, once it was demonstrated that catabolic gas-
trointestinal activities of gut bacteria leading to the 
formation of phenols are causal factors for leukae-
mia. Therefore PA catabolism in E. coli and other 
micro-aerobic gut bacteria may contribute to forms 
of de novo leukaemia (1, 18). 

The findings of this study contribute to a better 
understanding of post-translational modifications by 
acetylation and the impact of these in the metabo-
lism of E. coli. It is clear that there is still a long way 
to go. But breakthrough ideas emerge from small 
discoveries. 
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ABREVIATIONS 
 

Acetyl-CoA – Acetyl-Coenzyme A; Acetyl-P – Acetyl-
phosphate; bp – Base pairs; DCW – Dry cell weight; E. 
coli – Escherichia coli; IMAC – Immobilized metal ions 
affinity chromatography; IPTG – Isopropyl-1-thio-β–D-
galactoside; LB – Luria broth medium; LC-MS/MS – Liq-
uid Chromatography-Mass Spectrometry; Lys – Lysine; 
MM9 – Minimal medium M9; OD600 – Optical density at a 
wavelength of 600 nm; PA – Phenylacetic acid; PA-CoA 
– Phenylacetyl-Coenzyme A; PAGE – Polyacrylamide 
gel electrophorese; PCR – Polymerase Chain Reaction; 
RT – Room temperature; YX/S – Specific biomass yield; 
μmax – Specific growth rate. 
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ADDITIONAL INFORMATION  
 

Table 4. Escherichia coli strains, plasmids and primers used in this study. 
E. coli Strain Description Source Reference 

TOP10F’ F' [lacIq Tn10(tetR)] mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 deoR 
nupG recA1 araD139 Δ(ara-leu)7697 galU galK rpsL(StrR) endA1 λ- Invitrogen (60) 

BL21 (DE3) F– ompT gal dcm lon hsdSB(rB- mB-) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 
nin5]) 

Agilent 
Technologies (61) 

BL21 (DE3) 
pLysS F- ompT gal dcm lon hsdSB(rB- mB-) λ(DE3) pLysS(cmR) Agilent 

Technologies (62) 

K12 (BW25113) F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1,Δ(rhaD-rhaB)568, hsdR514 Keio 
Collection (63) 

K12 ΔpatZ 
(JW2568) 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, Δpka-752::kan, rph-1,Δ(rhaD-
rhaB)568, hsdR514 

Keio 
Collection (63) 

K12 ΔcobB 
(JW1106) 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔcobB779::kan, rph-1, Δ(rhaD-
rhaB)568, hsdR514 

Keio 
Collection (63) 

K12 ΔpaaX 
(JW1394) 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔpaaX763::kan, rph-1, Δ(rhaD-
rhaB)568, hsdR514 

Keio 
Collection (63) 

K12 ΔpaaY 
(JW1395) 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔpaaY764::kan, rph-1, Δ(rhaD-
rhaB)568, hsdR514 

Keio 
Collection (63) 

Plasmid Characteristics Source 
pRSET-C AmpR; overexpression of recombinant proteins linked to a histidine tail Invitrogen 

pRSET-C+paaY AmpR; paaY gene cloned Parallel study 
pRSET-C+paaK AmpR; paaK gene cloned This study 

Primer Sequence Source 
paaK Forward GGTGGTCTGCAGATGATAACCAATACAAAGCTTGAC Sigma 
paaK Reverse GGTGGTGAATTCTCAGGCACCAACAATATTGCG Sigma 

pRSET-C+paak 
Forward TAATACGACTCACTATAGGG Sigma 

pRSET-C+paak 
Reverse CTTCCTTTCGGGCTTTGTT Sigma 

 
Table 5. Acetylated lysine identification, in respect with PaaK and PaaY reactions, by LC-MS/MS.  

z Score SPI Intensity m/z Modification Sequence Reaction 
Lysine 

Identification 
2 3.86 87.8 5.14x104 1469.10 K acetyl (R)QLGGDASGcSLRVGVFGAEPWTQAmRk(E) 3 424 

3 6.08 41.0 1.30x108 991.22 K acetyl (R)HRIKSmVGISTDVMIVNCGSIPRSEGk(A) 3 424 

3 5.99 40.3 9.95x107 991.34 K acetyl (R)HRIKSmVGISTDVMIVNCGSIPRSEGk(A) 3 424 

3 5.61 44.8 9.15x107 991.21 K acetyl (R)HRIKSmVGISTDVMIVNCGSIPRSEGk(A) 3 424 

2 6.74 72.9 1.55x105 1408.49 K acetyl (R)ELSEQELAWKkQGTHEYQVLVTR(C) 7 153 

3 6.86 76.4 1.25x105 715.30 K acetyl (K)AKAEMPANYLIVGSPAkAIR(E) 9 139 

3 6.33 73.9 4.42x105 1569.41 K acetyl MPIYQIDGLTPVVPEESFVHPTA 

VLIGDVILGkGVYVGPNASLR(G) 
10 33 

3 5.84 73.5 1.95x105 1547.93 K acetyl (R)IVVkDGANIQDNCVMHGFPEQD 

TVVGEDGHIGHSAILHGCIIR(R) 
10 53 

3 5.19 70.3 2.51x105 1667.89 K acetyl R)NALVGMNAVVMDGAVIGENSIV 

GASAFVkAKAEMPANYLIVGSPAkAIR(E) 
10 122 and 139 

3 5.08 73.9 4.60x105 1647.56 K acetyl (K)AKAEMPANYLIVGSPAkAIREL 

SEQELAWKkQGTHEYQVLVTR(C) 
10 139 and 153 


