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Abstract 

Mass production of glucosamine (GlcN) using microbial cells is a worthy approach to increase 
added values and keep safety problems in GlcN production process. Prior to set up a mi-
crobial cellular platform, this study was to assess acetate metabolism in Citrobacter sp. BL-4 
(BL-4) which has produced a polyglucosamine PGB-2. The LC-MS analysis was conducted 
after protein separation on the 1D-PAGE to accomplish the purpose of this study. 280 
proteins were totally identified and 188 proteins were separated as acetate-related proteins 
in BL-4. Acetate was converted to acetyl-CoA by acetyl-CoA synthetase up-regulated in the 
acetate medium. The glyoxylate bypass in the acetate medium was up-regulated with 
over-expression of isocitrate lyases and 2D-PAGE confirmed this differential expression. 
Using 1H-NMR analysis, the product of isocitrate lyases, succinate, increased about 15 times in 
the acetate medium. During acetate metabolism proteins involved in the lipid metabolism and 
hexosamine biosynthesis were over-expressed in the acetate medium, while proteins involved 
in TCA cycle, pentose phosphate cycle and purine metabolism were down-regulated. Taken 
together, the results from the proteomic analysis can be applied to improve GlcN production 
and to develop metabolic engineering in BL-4. 

Key words: Citrobacter sp. BL-4; proteomics; 1H-NMR; acetate metabolism; polyglucosamine pro-
duction 

Introduction 

Glucosamine (GlcN) is now widely used to treat 
osteoarthritis in humans [1, 2]. However, nearly all 
GlcNs have been manufactured from shellfish wastes 
[3]. This chemically treated process on GlcN produc-
tion may cause shellfish protein contamination and 
the production amount can be limited by raw materi-

als available. Therefore, newly developed technology 
based on microbial fermentation for producing GlcN 
has been introduced [3-5] and Citrobacter sp. is one of 
good candidates for achieving mass production of 
GlcN [6]. Recently, a new extracellular polyglucosa-
mine biopolymer PGB-2 from Citrobacter sp. BL-4 
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(BL-4) has been introduced and the structural simi-
larity of PGB-2 with chitosan from crab shells has 
been determined [6]. For mass production of PGB-2 it 
is necessary to obtain whole biochemical information 
in BL-4 when acetate is available as a sole carbon 
source because the bacteria produced PGB-2 under 
acetate feeding only.  

Proteomics technology can easily collect 
high-throughput information on intercellular changes 
due to up- and down-regulation of genes by a certain 
growth environment [7]. As the previous report 
demonstrated, acetate has been known to be toxic to 
bacterial cells [8] and inhibit growth because its free 
acid forms quickly penetrate the cell membrane and 
acidify the cytoplasm with dissociation, conferring the 
gradient of protons through the membrane cannot be 
maintained and the energy generation is decoupled 
[8]. Interestingly, Citrobacter sp. shows its preference 
for acetate rather than glucose as a carbon source [6]. 
Therefore, it is worthwhile to assess how BL-4 sur-
vives under acetate feeding and produces PGB-2 us-
ing proteomic technology. 

Herein, we used differential expression prote-
omics which employed one dimensional polyacryla-
mide gel electrophoresis (1D-PAGE) coupled with 
liquid chromatography-quadrupole mass spectrome-
ter (LC-MS/MS) system for producing 
high-throughput data. Confirmation of up- and 
down-regulation of proteins was conducted with 
2D-PAGE. This methodology has been developed and 
applied to various biological samples [9-11]. Bio-
chemical products mediated by differentially ex-
pressed proteins were determined by 1H-NMR to 
prove the proteomic results. 

Materials and Methods 

Strain and pH-stat fed batch cultivation of 

Citrobacter sp. BL-4 

Citrobacter sp. BL-4 (KACC91177, BL-4) was 
cultured in a liquid medium composed of 1.5% (w/v) 
sodium acetate, 0.1% (NH4)2SO4, 0.01% yeast extract, 

2% CaCl2, 0.5% FeCl3∙6H2O, and 0.05% trace elements 
at 30 oC, 500 rpm, and 0.5 vvm for 48 h [6]. A 5 M ace-
tic acid solution was fed to maintain pH 8.0 for over-
production of microbial polyglucosamine biopolymer 
PGB-2. The molecular weights of PGB-2 were meas-
ured by gel permeation chromatography using a 
breeze HPLC system equipped with an ultrahydrogel 
column and RI detector (Waters, Milford, MA) with 
pullulan polysaccharides as standards (Phenomnex 
Inc., Torrance, CA). The hexosamine content was de-
termined by the modified Elson-Morgan method us-

ing glucosamine as the standard after modification 
[6]. 

Analysis of element and monosaccharide 

compositions 

PGB-2 was hydrolyzed with 6 M HCl at 105 oC 
for 10 h, neutralized with the same volume of 6 M 
NaOH, and then the monosaccharide compositions 
were determined by an HPLC system (Gilson, Vil-
liers-Le-Bel, France) equipped with an OP-NH2 col-
umn (RStech Co., Daejeon, Korea) using acetoni-
trile/water (7:3, v/v) as the mobile phase at 1 ml 
min-1. 

1-D PAGE and Coomassie staining 

One dimensional PAGE and Coomassie staining 
were performed according to the methods previously 
reported [9].  

2-D PAGE 

Two-D PAGE (2-D PAGE) was performed ac-
cording to the method previously reported [10] using 
an IPGphor unit (Amersham Biosciences, Uppsala, 
Sweden) with 130 mm pH 4-7 IPG strips, and 10%, 
and 12.5% acrylamide gels. Bacterial samples were 
dissolved in lysis buffer (2% CHAPS, 7 M urea, 2 M 
thiourea, 40 mM Tris-base, 20 mM DTT, 0.5% IPG 
buffer, trace of DNAase and protease inhibitor mix-
ture) using an homogenizer and mixed with rehydra-
tion buffer (bromophenol blue added to lysis buffer). 
For the first dimension, 70 μg protein for silver stain-
ing were applied to a rehydrated IPG strip, and IEF 
was carried out at 25°C in an IPGphor IEF horizontal 
system. Before the second dimension separation, gel 
strips were equilibrated for 15 min in 50 mM 
Tris-chloride (pH 8.8), 6 M urea, 30% glycerol, 2% SDS 
containing 5% DTT and then re-equilibrated for 10 
min in the same buffer containing 0.5% iodoacetam-
ide. Bacterial extracts were placed on acrylamide gels, 
unstained molecular standards were applied, and 
electrophoresis performed. IEF was performed as 
follows: 50 V for 30 min, 100 V for 1 h, gradient 1000 V 
for 30 min, 1000 V for 1 h, gradient 8000 V for 30 min, 
8000 V for 5 h for a total of 28000 V/h. Second di-
mension gels were run at 20 mA/gel for 12 h.  

Silver staining 

After 2-D PAGE, gels were fixed with 50% 
methanol, 12% acetic acid for 90 min, washed two 
times with 50% ethanol for 30 min, and treated with 
0.02% sodium thiosulfate. Gels were washed with 
triple-distilled water and then incubated in 0.2% silver 
nitrate, 0.075% formaldehyde for 20 min. After 
washing with triple-distilled water, gels were treated 
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with 2% sodium carbonate, 0.0004% sodium thiosul-
fate, and 0.05% formaldehyde. The reaction was 
stopped by 1% acetic acid. 

Analysis of gel images 

Images from silver-stained gels were obtained 
using a densitometer (GS800, Bio-Rad, Seoul, Korea). 
The analysis of gels to compare protein content be-
tween the acetate-fed Citrobacter and the glucose-fed 
Citrobacter was performed using PD-Quest software 
(Bio-Rad). Statistical data were obtained using 
GraphPad software. 

LC-MS/MS analysis  

LC-MS/MS analyses were performed according 
to the method previously reported [11] and carried 
out on an UltimateTM nano-electrospray LC system 
interfaced to an esquireHCTplus ion trap mass spec-
trometer (Bruker Daltonics, Billerica, MA). The nano 

LC column was C18 PepMap100 (3 m film thickness, 

75 m i.d.  15 cm, Dionex, Sunnylvale, CA). The 
mobile phase (A = 0.1% formic acid; B = 0.1% formic 
acid in acetonitrile) started at 95% A and 5% B for 5 
min was changed to 40% A and 60% B in 88 min, 5% A 
and 95% B in 10 min, 95% A and 5% B in 15 min, and 
finally was held at 95% A and 5% B for 20 min. The 
flow rate was 180 nL/min. Peptide spectra were rec-
orded over a mass range of m/z 300-2500 while 
MS/MS spectra were recorded in information de-
pendent data acquisition over a mass range of m/z 
50-1600. One peptide spectrum was recorded fol-
lowed by two MS/MS spectra; the accumulation time 
was 1 sec for peptide spectra and 2 sec for MS/MS 
spectra. The collision energy was set automatically 
according to the mass and charge state of the peptides 
chosen for fragmentation. Doubly or triply charged 
ions were selected for product ion spectra. MS/MS 
spectra were interpreted by Mascot (Matrix Science 
Ltd, London, UK) via Biotools 2.2 software (Bruker 
Daltonics). 

Analysis of peptide sequences 

Peptide mass fingerprint (PMF) searches based 
on peptide masses measured were performed using 
the Swiss-Prot or MSDB databases with the Mascot 
server. PMF used the assumption that peptides are 
monoisotopic, oxidized at methionine residues and 
carbamidomethylated at cysteine residues. Up to one 
missed trypsin cleavage was allowed, although most 
matches did not contain any missed cleavages. Mass 
tolerance of 1.0 Da was the window of error allowed 
for matching the peptide mass values. Probability 
based Molecular Weight Search (MOWSE) scores 
were estimated by comparison of search results 

against estimated random match populations and 
were reported as: 10 x log10(p), where p is the absolute 
probability. Scores in Mascot larger than the MOWSE 
score at p = 0.05 were considered significant, meaning 
that the probability of the match being a random 
event is lower than 0.05 when scores in Mascot were 
larger than the MOWSE score at p = 0.05.  

Extraction for metabolomic studies 

One hundred mg of freeze-dried BL-4 samples 
were placed into a centrifuge tube. Five milliliters of a 
50% water-methanol mixture and 5 ml of chloroform 
were added to the samples in tubes, and then vor-
texed and sonicated for 1 min, respectively. The tubes 
were then centrifuged at 2000 rpm for 20 min. The 
extraction was performed twice. The aqueous frac-
tions was transferred separately into a 50 ml 
round-bottomed flask and dried with a rotary vacu-
um evaporator. Each experiment was performed in 5 
times replication.  

NMR measurements 

KH2PO4 was added to D2O as a buffering agent 
to make up 0.1 M of final concentration. The pH of the 
D2O used for NMR measurements was adjusted to 6.0 
using a 1N NaOD solution. All spectra were obtained 
by a NMR spectrometer (Avance 600 FT-NMR, Bruker 
Biospin GmbH, Rheinstetten, Germany) operating at a 
proton NMR frequency of 600.13 MHz. For each 
sample, 128 scans were recorded with the following 
parameters: 0.155 Hz/point, pulse width of 4.0 s (30°), 
and relaxation delay of 1.0 s. The presaturation pulse 
sequence was applied to suppress the residual water 
signal. Free induction decays were Fourier trans-
formed with LB=0.3 Hz. The spectra were referenced 
to 0.01% (w/v) trimethylsilyl-propionic-2,2,3,3-d4 
acid. Peak assignment was conducted by using Che-
nomx NMR suite software (version 4.6, Chenomx Inc., 
Edmonton, Alberta, Canada). 

Data Analysis for NMR spectra 

The 1H NMR spectra were automatically re-
duced to ASCII files using AMIX software (Biospin 
version 3.7, Bruker, Seoul, Korea). All spectral data 
were scaled to total intensity for aqueous extracts. The 
spectral region from 0.52 ppm to 10.00 ppm was 
segmented into regions of 0.04 ppm width giving a 
total of 237 integrated regions per NMR spectrum. 
The region from 4.60 to 4.90 was excluded from the 
analysis because of the residual signal of water in 
aqueous extracts. Primary component analysis (PCA) 
was performed with SIMCA-P software (version 11.0, 
Umetrics, Umeå, Sweden). The relative levels of me-
tabolites derived from PCA were further statistically 
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evaluated by one-way ANOVA followed by Duncan’s 
multiple range tests using SPSS software (version 
12.0, SPSS, Chicago, IL). 

Results 

Bacterial growth and polyglucosamine pro-

duction 

The growth of BL-4 increased when acetate but 
not glucose was supplied into the growth medium 
(Fig. 1). Acetate contains less energy than glucose. 
However, BL-4 preferred acetate for carbon and en-
ergy sources and glucose gives lower growth yield. 
The less biopolymer mass formed on the glucose me-
dium than on the acetate medium.  

 
 

 

Figure 1. pH-stat fed batch cultivation of Citrobacter sp. BL-4 for 

production of polyglucosamine PGB-2. The strain was cultivated in 

a basal medium containing 1.5% (w/v) glucose and sodium acetate 

at 500 rpm, 0.5 vvm for 48 h. DCW, dried cell weight; DPW, 

Dried polymer weight (PGB-2). 

 

Proteomic analysis of the effect of different 

feeding on GlcN production 

One dimensional-PAGE (1D-PAGE) was con-
ducted with BL-4 cells grown in the different carbon 
sources (Fig. 2) and images of the gels were different 
from carbon sources. LC-MS/MS measurements of 
the proteins on 1D-PAGE gels showed mass differ-
ences between cells grown in the acetate medium and 
the glucose medium. A total of 280 proteins were 
identified from the bacterial cells grown in both 
growth medium (Fig. 2) and 92 proteins were ex-
pressed in both medium in BL-4. Sixty four proteins 
were selectively expressed in the glucose medium and 

124 proteins were found only in the acetate medium 
(Fig. 3). Among the up-regulated proteins, proteins 
involved in carbohydrate metabolism including gly-
oxylate bypass, glycerol metabolic process and ace-
tyl-CoA biosynthesis were over-expressed in the ace-
tate medium. Energy, ATP biosynthesis and fatty acid 
biosynthesis were also elevated in the acetate medium 
were over-expressed. Proteins involved in transcrip-
tion and translation process were enhanced in the 
acetate medium (Fig. 3). Selected proteins within the 
over-expressed proteins in BL-4 in response to acetate 
feeding were shown in Table 1. Acetate caused the 
down-expression of proteins involved in purine bio-
synthesis, de novo pathway, isoprene biosynthesis, 
and oxidoreductases. Among them, there were some 
important proteins such as acid phosphatase, trans-
aldolase, adenylosuccinate synthase, orotate phos-
phoribosyltransferase, phosphoribosylaminoimidaz-
ole-succinocarboxamide synthase, pyruvate for-
mate-lyase (PFL), radical SAM, glutamine synthetase, 
FKBP-type peptidyl-prolyl cis-trans isomerase, aro-
matic ring-cleaving dioxygenase, and diol dehydrase 
(Table 1).  

 

 

Figure 2. 1D-PAGE images of Citrobacter sp. BL-4 proteins (15 

g). Arrows indicate different patterns of proteins on the gel. 1, 

molecular size marker; 2, acetate-fed Citrobacter; 3, glucose-fed 

Citrobacter.  
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Figure 3. Functional classification of proteins identified by 1D-PAGE and nano-LC-Ms/MS analysis.  

 

Table 1. Selected proteins in the differentially expressed proteins of Citrobacter sp. BL-4 in acetate metabolism. Results 

were obtained by 1D-PAGE and LC-MS/MS analysis with Mascot search engine and the homology alignments. Uniprot and 

KEGGs classification were used to search functional roles of identified proteins. 

No. Protein name No. of matched 
peptides (status) 

Mascot Score 
(value 
P=0.05) 

Accession 
number 

Biological function 

 Carbohydrate metabolism and Energy     

1 Acid phosphatase precursor 3 (down) 194 (55) gi/11610581 Acid phosphatase 

2 Acetyl-CoA synthetase 1 (up) 58 (55) gi/148105 Acetyl-CoA biosynthesis 

3 ADP-L-Glycero-D-manno-heptose epi-
merase 

1 (up) 61 (55)  gi/5006980 Carbohydrate metabolism 

4 H+ ATPase F1 alpha subunit 6 (up) 198 (55) gi/146323 ATP synthesis coupled proton 
transport 

5 Cytochrome d oxidase subunit 4 (up) 109 (55) gi/2997421 Respiratory chain 

6 Cytochrome o ubiquinol oxidase subunit 1 (up) 67 (55) gi/16501713 Respiratory Chain 

7 Glycerol dehydrogenase 10 (up) 430 (55) gi/493084 Glycerol metabolism  

8 Glycerol kinase 2 (up) 80 (55) gi/16422652 Glycerol metabolism 

9 Isocitrate lyase and phosphoryl mutase 1 (up) 103 (55) gi/82410059 Glyoxylate cycle 

10 Phosphotransferase system IIA  
(PTS-dependent dihydroxyacetone kinase) 

3 (up) 116 (55) gi/37197902 Gluconeogenesis 

11 Phosphoenolpyruvate synthase 1 (up) 83 (56) gi/13361876  Gluconeogenesis 

12 Pyruvate kinase  2 (up) 78 (55) gi/75214842 Carbohydrate degradation 

13 Pyruvate dehydrogenase decarboxylase 3 (down) 216 (56) gi/16418653 Glycolysis 

14 Transaldolase 2 (down) 66 (56) gi/75820099 Pentose phosphate cycle 

      

 Lipid metabolism     

15 Acetyl-CoA carboxylase 2 (up) 108 (55) gi/4902926 Fatty acid biosynthesis 

http://mascot.proteomix.org/cgi/master_results.pl?file=../data/20070305/F007621.dat#Hit60
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16 3-oxoacyl-(acyl-carrier-protein) synthase 
III  

1 (up) 58 (55) gi/83952158 Fatty acid biosynthesis 

      

 Nucleotide metabolism     

17 Adenylosuccinate synthetase  1 (down) 61 (56) gi/49613375 Purine biosynthesis 

18 CTP synthetase (EC 6.3.4.2) 1 (up) 64 (56) gi/147478 Pyrimidine biosynthesis 

19 Orotate phosphoribosyltransferase 1 (down) 164 (55) gi/26250288 Purine metabolism 

20 Phosphoribosylpyrophosphate synthetase 5 (up) 270 (55)  gi/147379 Ribonucleoside monophosphate bio-
synthesis 

      

 Amino acid metabolism     

21 Carbamoylphosphate synthetase large 
subunit 

1 (up) 113 (55) gi/28805454 Citrulline biosynthesis 

22 Cysteine synthase A [Escherichia coli 
CFT073] 

9 (up) 382 (59) gi|26248790 Cysteine biosynthesis 

23 Glutamine synthetase 2 (down) 62 (55) gi/3808290 Glutamine synthesis 

24 L-Glutamine: D-fructose-6-phosphate am-
idotransferase 

2 (up) 65 (56) gi/177961813 Hexosamine biosynthesis 

25 Glycine dehydrogenase (decarboxylating)  2 (down) 119 (56) gi/403345 Glycine biosynthesis 

26 2-oxoglutarate dehydrogenase 
(Dihydrolipoamide dehydrogenase) 

4 (down) 141 (55) gi/29418063 Glycine cleavage system 

27 Proline dehydrogenase 5 (up) 215 (55)  gi/74311578 Glutamate biosynthesis 

28 Pyruvate formate-lyase (formate acetyl-
transferase) 

2 (down) 100 (55) gi/16410835 Carbohydrate metabolism 

29 Radical SAM 2 (down) 63 (55) gi/82703177 Metabolic pathway 

      

 Biosynthesis of cofactors and vitamins     

30 4-amino-4-deoxychorismate lyase 2 (up) 57 (55) gi/82499592 Cofactor biosynthesis  

31 4-aminobutyrate aminotransferase activity 1 (up) 98 (55) gi/1789016 -aminobutyric acid metabolic process 

32 Putative carboxyphosphonoenolpyruvate 
mutase 

2 (up) 195 (55)  gi/1641887 Boalaphos biosynthesis 

33 Putative cobalamin synthesis protein 1 (up) 70 (55) gi/16423097 Cobalamin biosynthesis 

34 Putative diaminobutyrate-pyruvate trans-
minase 

1 (down) 59 (55) gi/46913838 Pyridoxal biosynthesis 

      

 Regulation and Signaling molecules     

35 CRP regulatory protein 14 (up) 372 (55) gi/2190360 Regulation of transcription 

36 Global response regulator 3 (up) 185 (55) gi/56416367 Production of extracellular enzymes  

37 Helix-turn-helix, AraC type 2 (up) 61 (56) gi/67675520 Signal transduction 

38 Sensory transducer kinase CheA 3 (up) 100 (55) gi/13362066 Chemotaxis, signal transduction 

39 Serine chemoreceptor CheD 3 (up) 147 (55) gi/43218 Chemotaxis, signal transduction 

40 Serine phosphatase, regulator of sigma 
subunit 

3 (up) 68 (55)  gi/23014626 Signal transduction 

41 Tubulin-like GTP-binding protein 5 (down) 289 (55) gi/16418633 Cell division 

42 Two-component sensor histidine kinase 3 (up) 83 (55) gi/52003113 Signal transduction 

      

 Defense     

43 Alkyl hydroperoxide reductase 4 (down) 161 (55) gi/16501859 Defense 

44 Similar to Aromatic ring-cleaving dioxy-
genase 

1 (down) 58 (55) gi/68539957 Detoxification 

45 Cytochrome P450 monooxygenase 2 (up) 63 (55) gi/40458387 Defense 

46 Diol dehydrase alpha subunit 3 (down) 58 (55) gi/868006 Detoxification 

47 Glutathione S-transferase 1 (up) 66 (55) gi/39649640 Defense 
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48 FKBP-type peptidyl-prolyl cis-trans iso-
merase  

3 (down) 113 (56) gi/75830739 Chaperone 

49 4-oxalocrotonate decarboxylase 1 (down) 57 (55) gi/45685 Aromatic compound metabolic process 

50 Universal stress protein A 1 (up) 57 (55) gi/43280 Response to DNA-damaging agents 

      

 Membrane transporter     

51 ABC-type metal ion transporter system 5 (up) 105 (55) gi/77977719 Transport 

52 Glutamine binding protein 8 (down) 248 (55) gi/16502041 Glutamine transport 

53 Molybdate transporter 5 (down) 309 (55) gi/16419287 Transport 

54 Outer membrane protein and related pep-
tidoglycan-associated (lipo) proteins 

14 (up) 422 (55)  gi/75290025 Cellular component 

55 Preprotein translocase SecA 2 (up) 63 (55) gi/36786944 Protein transporter 

 

 
 

 

Figure 4. Comparison of selected up-regulated proteins after 2D-PAGE and nano-LC-MS/MS analysis of Citrobacter sp. BL-4. A and B 

indicate the proteins of Citrobacter sp. BL-4 grown in the acetate medium and the glucose medium, respectively. 1, cysteine synthase; 2, 

cysteine synthase; 3, universal stress protein A; 4, Helix-turn-helix; 5, isocitrate lyase. 

 
 
For the confirmation of the differentially ex-

pressed proteins 2D-PAGE and LC-MS/MS analysis 
were employed in this study. 2D-PAGE was done and 
the gel images were used for the comparison of the 
differentially expressed proteins from 1D-PAGE and 
LC-MS/MS analysis. Isozymes of isocitrate lyase were 
found in the acetate medium and glycerol dehydro-
genase was up-regulated in the acetate-fed BL-4 (Fig. 

4). Cysteine synthase isozymes were also found as 
up-regulated in the acetate medium (Fig. 4), while 
PFL isozymes, radical SAM, and FKBP-type pep-
tidyl-prolyl cis-trans isomerases dramatically de-
creased in the acetate medium (Fig. 5). Some of pro-
teins were not identified by 1D-PAGE and 
LC-MS/MS analysis, but by 2D-PAGE and 
LC-MS/MS analysis (Fig. 6).  
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1H NMR spectra and assignment of several 

non-volatile metabolites 

The representative 1H-NMR spectra were ob-
tained from aqueous fractions of BL-4 grown in the 
acetate medium and the glucose medium. Differences 
were observed between the spectrum and the peaks 
were identified by comparison with the chemical 
shifts of standard compounds using Chenomx NMR 
suite software (Fig. 7). In the aliphatic region of the 
spectra (0–3 ppm), peaks that corresponded to leu-

cine/isoleucine were observed at =0.96 (m), valine at 

= 0.98 (d, J=9.0 Hz), lactate at =1.34 (d, J=14.4 Hz), 

cadavarine at =3.00 (t, J=7.2 Hz), acetic acid at =1.90 

(s), succinic acid at =2.42 (s), glutamic acid at = 2.50 

(m), and glycine at =3.54 (s). The peaks in the aro-
matic region of the spectrum (6–10 ppm) revealed the 

presence of inosine at = 6.07 (d, J=10.8 Hz), imidazole 

at =7.27 (s), uracil at =7.51 (d, J=9.0 Hz), hypoxan-

thine at =8.18 (s), and adenine at =8.38 (s) (Fig. 7). 
The acetate-fed BL-4 produced high amount of suc-
cinate, lactate, and glutamate, whereas the glu-
cose-fed BL-4 yielded high amount of glycine (Fig. 8).  

 

 

Figure 5. Histograms of selected down-regulated proteins after 2D-PAGE image analysis using PD-QUEST program and 

nano-LC-MS/MS. Citrobacter sp. BL-4 samples were grown in different growth medium and the proteins were obtained after cell lyses and 

precipitation. “a” and “b” indicate cells grown in the acetate and in the glucose medium, respectively. 1, S-adenosylmethionine synthetase; 

2, Formate acetyltransferase (pyruvate-formate lyase); 3, FBKP-type peptidyl-prolyl cis-trans isomerase; 4, argininosuccinate synthase. 

 

Figure 6. Comparison of selected up-regulated proteins after 2D-PAGE and nano-LC-MS/MS analysis of Citrobacter sp. BL-4. Proteins in 

this figure were not determined by 1D-PAGE and LC-MS/MS analysis, but by 2D-PAGE and LC-MS/MS analysis. A and B indicate the 

proteins of Citrobacter sp. BL-4 grown in the acetate medium and the glucose medium, respectively. 1, succinate dehydrogenase; 2, 

gamma-glutamyltransferase; 3, N-acetylglucosamine 6-phosphate deacetylase. 
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Figure 7. Representative 1H NMR spectra of the total and aromatic region of the aqueous fraction of Citrobacter sp. BL-4 cultivation. IS, 

internal standard; 1, isoleucine/leucine; 2, valine; 3, lactate; 4, cadaverine; 5, acetic acid; 6, succinic acid; 7, glutamic acid; 8, glycine; 9, 

inoline; 10, imidazole; 11, uracil; 12, hypoxanthine; 13, adenine. Values on the X-axis are the chemical shift in ppm relative to TSP. 

 
 

 

Figure 8. Comparison of non-volatile compounds obtained from Citrobacter sp. BL-4 grown in the glucose medium (A) and in the acetate 

medium (B). 
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Discussion 

Acetate metabolism in microorganisms has been 
well studied [12-15] and reviewed [16-18]. Proteome 
differences according to acetate supply in BL-4 were 
studied in respect of biotechnological aspects for ac-
complishing industrial purposes as increasing pro-
duction rate of the target biopolymer, PGB-2. It is the 
first report for the bacteria to describe proteomic 
changes due to acetate metabolism.  

Up-regulation of acetyl-CoA synthetase activ-

ity for initiation of acetate activation 

Acetate assimilation to acetyl-CoA must be oc-
curred when acetate is available as a sole carbon 
source. This reaction is catalyzed by acetyl-CoA syn-
thetase and its activity is not determined in bacterial 
cells grown on glucose. In contrast to acetyl-CoA 
synthetase acetate kinase (AK; ATP acetate phos-
photransferase) and phosphotransacetylase (PT; ace-
tyl-CoA: orthophosphate acetyl transferase) are em-
ployed for the formation of acetyl-CoA when glucose 
is used as the carbon source. Levels and expression of 
these two enzymes vary little with the different car-
bon sources in E. coli and Salmonella typhimurium [19, 
20]. Therefore, three enzymes are involved in the 
process of acetyl-CoA production.  

In our study, acetyl-CoA synthetase was newly 
expressed in the acetate medium (Table 1). According 
to the previous report the gene FacA is responsible for 
encoding acetyl-CoA synthetase and the gene has 
been known to be activated by acetate and deac-
tivated by glucose [21]. Our finding was quite similar 
to the findings of the previous report [21]. 

Up-regulation of Glyoxylate pathway 

Acetate has been known to regulate 37 genes 
using a newly developed metabolic array in the bac-
teria [15]. In the differential transcription profile in 
Corynebacterium glutaricum, two genes aceA (102-fold) 
and aceB (85-fold) were up-regulated in acetate when 
compared to glucose [15]. These genes produce iso-
citrate lyase (ICL) and malate synthase (MS) in the 
bacteria. ICL and MS proteins are functionally par-
ticipated in the glyoxylate cycle. The glyoxylate cycle 
operates to produce one mole of malate from two 
moles of acetyl-CoA via two unique enzymes, ICL 
and MS, in bacteria. In this study, ICL dramatically 
increased in BL-4 in the acetate medium (Table 1 and 
Fig. 4). The enzyme catalyzes reversible cleavage of 
isocitrate to glyoxylate and succinate as the products. 
By the analysis of 1H NMR the concentration of suc-
cinic acid increased about 15 times higher in the ace-
tate medium than in the glucose medium (Fig. 8). 

Therefore, the glyoxylate bypass was up-regulated in 
BL-4 when acetate was used as a sole carbon source.  

TCA cycle in acetate metabolism in Citrobac-

ter sp. BL-4 

In a normal bacterial cell pyruvate is ready to be 
transferred into citric acid cycle (tricarboxylic acid 
cycle, TCA cycle) by pyruvate dehydrogenase com-
plex. This enzyme produces carbon dioxide, NADH 
and acetyl-CoA from pyruvate, CoA and NAD+. As 
acetyl-CoA synthetase activity was up-regulated in 
the acetate medium, the role of pyruvate dehydro-
genase for producing acetyl-CoA may be minimized 
in the acetate medium. In the result of the study, py-
ruvate dehydrogenase was dramatically 
down-regulated in the acetate medium (Table 1). Ad-
ditionally, excessive acetyl-CoA or over-expression of 
acetyl-CoA synthetase may be related to the 
down-regulation of pyruvate formate lyase (PFL; 
formate acetyltransferase) in the acetate medium (Ta-
ble 1 and Fig. 5). PFL is essential to be activated for 
forming acetyl-CoA and formate from pyruvate and 
CoA. For the PFL activation, bacterial cells require 
PFL activase and radical S-adenosylmethionine 
(SAM). In this study, radical SAM was 
down-regulated in the acetate medium, referring the 
down-regulation of PFL (Table 1 and Fig. 5).  

Using the glyoxylate bypass in the acetate me-
dium, excessive amount of succinate should be recy-
cled in the TCA cycle to produce oxaloacetate to form 
citrate. Thus, succinate dehydrogenase was 
up-regulated in the acetate medium (Fig. 6). There-
fore, up-regulation of glyoxylate bypass may change 
TCA cycle during acetate metabolism. 

Up-regulation of lipid metabolism 

Fatty acid biosynthesis and degradation requires 
carrier proteins and enzymes involved in the addition 
and subtraction reactions of acetate unit to a hydro-
carbon chain. Acetyl-CoA carboxylases (ACCs) are 
the key enzymes and mediate a carboxylation reaction 
to produce malonyl-CoA from acetyl-CoA. Other key 
enzyme is fatty acid synthase consisting of six enzy-
matic activities and it is responsible for the reactions 
of adding acetate unit to a growing fatty acid chain. In 
this study, ACCs were up-regulated in the acetate 
medium in contrast to the glucose medium (Table 1). 
This finding is quite similar to the result previous 
reported as ACC was up-regulated in the acetate me-
dium to generate polyhydroxyalcanoates (PHAs) in 
Ralstonia eutropha [11]. In R. eutropha, various fatty 
acid biosynthesizing proteins involved in the PHA 
production were over-expressed in relation to the use 
of acetate as a sole carbon source and they were 
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acyl-CoA dehydrogenase, 3-oxoacyl-acyl-carrier pro-
tein synthase (FabH), enoyl-[acyl-carrier- 
protein]reductase (FabI) and fatty acid-CoA ligase 

[11]. In our study, FabI and -ketoacyl carrier protein 
reductase (FabG) were found in both medium and 
they might be not expressed differently (data not 
shown). However, FabH was up-regulated in the ac-
etate medium (Table 1) and it seemed to be involved 
in the PHA production in BL-4. Further studies may 
be needed to find possible PHA production in BL-4 
when various organic acids are used as carbon 
sources.  

Induction of hexosamine biosynthesis  

GlcNs are produced by three different enzymes 
such as L-glutamine: D-fructose-6-phosphate ami-
dotransferase (glucosamine synthase, GlmS), phos-
phoglucosamine mutase and acetyltransferase. 
Among them, GlmS is a key enzyme which catalyzes 
fructose-6-phosphate to glucosamine-6-phosphate in 
host cells. By the 1D-PAGE and LC-MS/MS analysis, 
GlmS was up-regulated in acetate-fed BL-4 (Table 1). 
As N-acetylglucosamine has been determined as a 
unit of peptidoglycan with N-acetylmuramic acid, its 
primary function is to preserve cell integrity by with-
standing the internal osmotic pressure [22]. Therefore, 
it is likely that BL-4 expresses GlmS involved in the 
hexosamine biosynthesis to build up peptidoglycan to 
control osmotic pressure occurred by acetate supply 
in the growth medium.  

On the other hands, excessive glucosa-
mine-6-phosphate (GlcN-6-P) produced by metabolic 
engineered E. coli strongly inhibits GlmS activity in 
the host cells, whereas GlcN weakly inhibits GlmS 
activity [4]. GlcN-6-P may be a key compound to 
control glucosamine production in bacterial cells. 
Another biosynthetic intermediate, N-acetyl-D- 
glucosamine-6-phosphate (AcGlcN-6-P), can be cata-
lyzed to GlcN-6-P by AcGlcN-6-P deacetylase. Our 
study showed that AcGlcN-6-P deacetylase was 
up-regulated 5 times in the acetate medium than in 
the glucose medium (Fig. 6). From the results, GlcN 
production is regulated by GlcN-6-P concentration in 
the bacterial cells. Therefore, GlcN production is def-
initely improved if those factors are controlled ade-
quately. For instance, an AcGlcN-6-P deacetylase 
knock-out strain of BL-4 can be developed and this 
strain may produce massive GlcN under the acetate 
supply. 

Presumable biosynthetic mechanisms induced 

by acetate 

The expression of glycerol dehydrogenase and glyc-

erol kinase (Table 1) was over-expressed in BL-4 in the 

acetate medium. Glycerol dehydrogenase catalyses the 
NAD+-dependent oxidation of 2,3-butanediol to 
acetoin as well as the corresponding reverse reactions. 
Glycerol kinase is a key enzyme in the regulation of 
glycerol uptake and metabolism and the enzyme 
plays an important role in gluconeogenesis to form 
glucose. Therefore, BL-4 may produce 2,3-butanediol 
from acetoin when acetate is available in the growth 
medium. 

 The aldehyde dehydrogenase B (lactaldehyde 
dehydrogenase) was over-expressed at least five-fold 
when acetate was available in BL-4 and it catalyzes 
(S)-lactaldehyde with NAD+ and a molecule of water 
to form (S)-lactate and NADH. Lactate concentration 
in the bacterial cells increased at least 15 times in the 
acetate medium when compared to the glucose me-
dium (Fig. 8). Therefore, acetate plays an important 
role in the induction of 2,3-butanediol and lactate 
production.  

Glutathione S-transferase (GST) is involved in 
the detoxification reaction when cells are exposed to 
various toxic compounds. In the acetate medium, 
BL-4 expressed more GSTs than in the glucose me-
dium (Table 1). Glutathione is composed to three 
amino acids such as cysteine, glutamate and glycine. 
In this study, cysteine synthase was up-regulated 
(Table 1 and Fig. 4) and the concentration of gluta-
mate in the acetate medium was about 3.1-fold higher 
than in the glucose medium (Fig. 8). Another key en-
zyme, gamma-glutamyltransferase, was also 
up-regulated in relation to glutathione biosynthesis 
(Fig. 6). Therefore, GST detoxification system may be 
needed to suppress oxidative stress in the acetate 
medium in BL-4. 

 Some of up- and down-regulated proteins ana-
lyzed on the 1D-PAGE was reconfirmed using 
2D-PAGE were universal stress protein A, He-
lix-turn-helix, FBKP-type peptidyl-prolyl cis-trans 
isomerase, and argininosuccinate synthase. Further 
studies needs to find their role in the acetate medium 
in BL-4. 

Conclusions 

Proteomic analysis of BL-4 using LC-MS/MS 
after protein separation on 1D-PAGE found a dra-
matic change in the acetate medium when compared 
to the glucose medium. According to UNIPROT clas-
sification and KEGG regulatory pathways, most 
up-regulated proteins in relation to acetate feeding 
were involved in acetate assimilation, the glyoxylate 
cycle, glycerol metabolism, energy production, and 
lipid metabolism. On the other hand, BL-4 revealed 
down-regulation of proteins involved in the TCA cy-
cle, pentose phosphate cycle and purine metabolism. 
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These results were reconfirmed by LC-MS/MS analy-
sis after 2D-PAGE and 1H-NMR. Higher amount of 
succinate, glutamate and lactate were found in the 
acetate medium than in the glucose medium. As BL-4 
produced polyglucosamines (PGB-2) in the acetate 

medium, most proteomic changes were related to the 
production of PGB-2. Further studies in BL-4 will be 
necessary to modify metabolic pathways for becom-
ing a cell factory to produce massive PGB-2. Whole 
proteomic findings are summarized in Fig. 9. 

 

 

Figure 9. Acetate metabolism in Citrobacter sp. BL-4. PGB, polyglucosamine. 
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