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a  b  s  t  r  a  c  t

In this  paper,  glutamate  dehydrogenase  (Gldh)  is  reported  to  efficiently  display  on Escherichia  coli  cell
surface  by  using  N-terminal  region  of  ice  the  nucleation  protein  as an  anchoring  motif.  The presence
of  Gldh  was  confirmed  by SDS-PAGE  and  enzyme  activity  assay.  Gldh  was  detected  mainly  in  the  outer
membrane  fraction,  suggesting  that  the  Gldh  was  displayed  on the  bacterial  cell  surface.  The  optimal
temperature  and  pH  for the  bacteria  cell-surface  displayed  Gldh  (bacteria-Gldh)  were  70 ◦C and  9.0,
respectively.  Additionally,  the  fusion  protein  retained  almost  100%  of  its  initial  enzymatic  activity  after
1  month  incubation  at 4 ◦C. Transition  metal  ions  could  inhibit  the enzyme  activity  to  different  extents,
while  common  anions  had  little adverse  effect  on  enzyme  activity.  Importantly,  the  displayed  Gldh  is
hermo-tolerant glutamate dehydrogenase
nzyme inhibition
-Glutamate detection

most  specific  to  l-glutamate  reported  so  far. The  bacterial  Gldh  was  enabled  to catalyze  oxidization  of  l-
glutamate  with  NADP+ as  cofactor,  and  the resultant  NADPH  can  be detected  spectrometrically  at 340  nm.
The  bacterial-Gldh  based  l-glutamate  assay  was established,  where  the absorbance  at 340  nm  increased
linearly  with  the  increasing  l-glutamate  concentration  within  the  range  of  10 − 400  �M.  Further,  the
proposed  approach  was successfully  applied  to  measure  l-glutamate  in  real  samples.

©  2014  Elsevier  Inc.  All  rights  reserved.
. Introduction

Glutamate dehydrogenase (Gldh) (EC 1.4.1.2–1.4.1.4), com-
osed of 400–500 amino acids, is a widely existing enzyme in
lmost all living organisms [1], which can catalyze the reversible
xidative deamination of l-glutamate to �-ketoglutarate and
mmonia in cells, typically shown in Eq. (1). Gldh plays a key role in
atabolism of glutamic acid [2]. As a cofactor-dependent enzyme,
ldh can be divided into three types: NAD+ specific dependency
E.C. 1.4.1.2), NADP+ specific dependency (E.C. 1.4.1.4) as well as
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141-0229/© 2014 Elsevier Inc. All rights reserved.
both NAD+ and NADP+ dependency (E.C. 1.4.1.3) [1].

l-glutamate + NAD(P)+ + H2O
Gldh−→�-ketoglutarate

+ NAD(P)H + NH4
+ (1)

As the primary excitatory neurotransmitter, glutamate is
involved in some basic activities including learning and memory
in the central nervous system [3]. Glutamate in abnormal concen-
tration can induce disorders such as epilepsy, amyotrophic lateral
sclerosis or Parkinson’s disease and other neurological diseases. As
one of the basic amino acids of nitrogen metabolism in body, glu-
tamate has great significance on the metabolism, which is not only
the intermediate metabolite of the tricarboxylic acid cycle [4], but
also the element source of purine base and pyrimidine. Glutamic
acid is also the main composition of protein widespread in nature.
Additionally, glutamate is well known as monosodium glutamate

(MSG), which is commonly used as a flavor in conjunction with
other food additives in most food processing. However, the exces-
sive intake of MSG  can bring about several neurological disorders,
such as excitotoxicity, stroke, epilepsy, and Alzheimer’s disease

dx.doi.org/10.1016/j.enzmictec.2014.12.002
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http://www.elsevier.com/locate/emt
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mized in the previous studies. The absorbances at 340 nm are recorded varying
J. Song et al. / Enzyme and Mic

5–7]. Therefore, concerns about the safety of MSG  were attracted
round the world. Therefore, a rapid and effective analytical tech-
ique to evaluate glutamate level is highly desirable to avoid these
isorders. To date, different approaches had been used to mea-
ure the concentration of glutamate, including microdialysis [8],
apillary electrophoresis [9], fluorometry [10], high-performance
iquid chromatography [11–14] and spectrophotometry [15], how-
ver, they either experienced complicated in procedure, or lacked of
ensitivity and selectivity. Very recently, novel electrochemical glu-
amate biosensors based on nanoparticles functionalized with the
lutamate oxidase (Glox) [16–18] or Gldh [19] have been developed
or the sensitive detection of glutamate; nevertheless, the modifi-
ation of the electrodes was complicated. Therefore, novel strategy
s urgently needed for detection of glutamate.

The bacterial cell surface display provides an effective way in
nzyme engineering. Enzyme-expressed cell can be reused without
osing its activity and stability, which is cost-saving and conve-
ient in comparison with using soluble free enzyme. To date, many
ypes of anchoring motifs had been developed to intermediate the
acterial surface display of heterologous proteins [20,21], such as

ce nucleation protein (INP), EstA from Pseudomonas aeruginosa, �-
gglutinin, FadL and outer membrane protein C from Escherichia coli
E. coli) [22–26]. Although so many anchoring motifs can be used
here, they have different effects on the host cells. So it is important
o choose a suitable anchoring motif for an efficient, stable and spe-
ial display of the fusion proteins. As an outer membrane protein,
NP containing N-terminal and C-terminal domain was widely used
o display target protein on the host cell surface, and the host cells
an interact with substrates directly. So far, xylose dehydrogenase-,
lucose dehydrogenase-, organophosphorus hydrolase-, xylanase-
isplay systems and other surface display systems had been used
o produce the target protein outside the cell membrane by culti-
ation, induction and centrifugation of recombinant E. coli strains
27–31]. The surface-display-based biosensing [30,32–34] as well
s efficient biofuel cell [35,36] applications were realized. In the
resent study, a surface display system for the expression of Gldh
rom Thermococcus waiotapuensis [37] on the surface of E. coli with
he truncated INP from Pseudomonas borealis as anchoring motif
as developed. The activity, stability and substrate specificity of the
isplayed enzyme and effects of various ions on the enzyme activity
f the displayed target protein were investigated. And finally, the
reshly prepared whole-cell biocatalyst was applied for sensitive,
elective and rapid detection of l-glutamate. To the best of authors’
nowledge, this is the first report on the bacterial cell surface dis-
laying specific Gldh (bacteria-Gldh) for optical determination of
-glutamate.

. Materials and methods

.1. Bacterial strain, plasmid, and culture conditions

In this study, pET28a (+) was  used as the parent vector for the expression of INP-
ldh. E. coli DH5� (F−�80 lacZ�M15� (lacZYA-argF) U169 endA1 recA1 hsdR17

rk
− , mk

+) supE44�-thi-1 gyrA96 relA1phoA) and E. coli strain BL21 (DE3) (F−ompT
sdSB (rB

−mB
−) gal dcm (DE3)) were used as hosts for plasmid construction and

xpression of fusion protein, respectively. E. coli strains were grown in LB media
ith  kanamycin (30 �g/ml) or ampicillin (100 �g/ml) at 37 ◦C and incubated by

otary shaking at 200 rpm. For the expression of INP-Gldh, strains were induced with
sopropyl-�-d-thiogalactopyranoside (IPTG) at final concentrations ranging from
.1  mM to 1 mM at 25 ◦C for 24 h when bacteria were grown to an OD600 value
ithin 0.4–0.6.

.2. Construction of INP-Gldh

The wild type Gldh encoding gene was originating from the genome of T. waio-

apuensis,  which was  kindly gifted by Dr. Robb (Center of Marine Biotechnology,
niversity of Maryland Biotechnology Institute, USA). The gldh gene was  amplified
y  PCR under thermal conditions @ 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for

 min, for each case lasting 35 cycles. Forward and reverse primers of polymerase
hain reaction were 5′-CGCGGATCCATGGTTGAACTCGACCCGTTTGAAATGG-3′ and
 Technology 70 (2015) 72–78 73

5′-CCCAAGCTTTCAGTGCTTGACCCATCCGCGG-3′ , respectively, with BamHI and
HindIII as restriction sites (underlined). The amplified and purified PCR products
were transferred into the pMD18-T vector, and then the gene after TA-cloning was
digested with BamHI and HindIII restriction enzymes at the corresponding sites.
And then it was inserted into the same sites of vector pTInaPb-N, which had been
constructed using pET-28a (+) and N-terminal domain of INP in our lab [29]. The
resultant plasmid was named as pTInaPb-N-Gldh, which was further transformed
into  E. coli BL21 (DE3) for the expression of fusion protein.

2.3. SDS-PAGE analysis and cell fractionations

E. coli strains harboring the expression of vector pTInaPb-N-Gldh were harvested
after induction for 24 h. Then each fraction (outer membrane, inner membrane, and
cytoplasm) of the cells was obtained by sonication and ultracentrifugation [29]. The
membrane fractions were suspended in 100 mM Tris–HCl buffer (pH 8.0) for further
analysis. Proteins in the whole cell lysates and subcellular fractions were analyzed
by  12% (wt/vol) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) to detect the distribution of target protein. Culture without IPTG induction
was  used as a negative control.

2.4. Gldh activity assay

The induced cells harboring pTInaPb-N-Gldh were harvested by centrifugation
and  washed three times. Finally, the harvested cells were resuspended in 100 mM
Tris–HCl buffer (pH 8.0). To measure the activity of Gldh, the absorbance at 340 nm
representing production of NADPH (the reduced form of nicotinamide adenine dinu-
cleotide phosphate) was recorded because Gldh can catalyze the reversible oxidative
deamination of glutamate with NADP+ as cofactor. The standard reaction system
contained cells (OD600 = 1.0), 2 mM l-glutamate and 0.5 mM NADP+. The reaction was
conducted at 60 ◦C for 2 min in a plastic tube and then centrifuged at 12,000 rpm for
1  min  to terminate reaction. One unit of enzyme activity is defined as 1 �mol NADPH
generated per minute per entire OD600 cell.

2.5. Effects of temperature and pH on enzyme activity

To investigate effects of temperature and pH on enzymatic activity of INP-Gldh,
strains harboring recombinant plasmid were suspended in solutions varying pH at
different temperatures. INP-Gldh activity in 100 mM Tris–HCl buffer (pH 8.0) was
determined by spectrophotometer at temperatures ranging from 20 ◦C to 100 ◦C.
The optimal pH tests were conducted at 60 ◦C using the following 100 mM buffers:
sodium acetate (pH 5–6), potassium phosphate monobasic (pH 6–8), Tris–HCl (pH
7–9), glycine–NaOH (pH 9–10), and sodium carbonate–sodium bicarbonate (pH
10–11).

2.6. Effects of temperature and pH on enzyme stability

The harvested cells were suspended in 100 mM Tris–HCl buffer (pH 8.0) to inves-
tigate the stability of Gldh-displayed strain. The thermal stability was detected by
incubating E. coli cells in 100 mM Tris–HCl buffer (pH 8.0) at temperatures within
the  range of 50–100 ◦C, and activity was  measured hourly. The storage stability of
recommended cells was determined by incubating them at different temperatures
(4 ◦C, 25 ◦C, 37 ◦C and 60 ◦C) for 1 month, and Gldh activity was detected by taking
out  the same amount of sample solution for experiment at regular intervals. The
pH stability of Gldh was investigated hourly by incubating equal volumes of cells in
different buffer (pH 3–10.5) at 4 ◦C.

2.7. Substrate specificity assay

To study substrate specificity of the cell surface displayed Gldh for oxidative
deamination of various �-amino acids, other amino acids instead of l-glutamate
were used as substrate separately in the standard reaction system with a final con-
centration of 2 mM.  Then the absorbance at 340 nm was recorded for comparison.

2.8. Effects of various ions on the enzyme activity

Different ions at a final concentration of 1 mM or 10 mM or 100 mM were mixed
with enzyme-displaying recombinant cells separately, then enzyme activity was
detected according to the standard reaction condition after incubation at 4 ◦C for
30  min. The relative response is defined as the ratio of the Gldh activity in the
presence of each ion to the Gldh activity in the absence of ion.

2.9. l-glutamate detection using cell-surface expressed Gldh

Experiment conditions including the temperature, pH and time had been opti-
with l-glutamate concentrations. For real sample measurement, the samples need
to  be successively pretreated, filtered and diluted using Tris–HCl buffer (pH 8.0)
before detection. UV–vis absorption spectra ranging from 300 nm to 400 nm were
measured after stopping reaction by removing the cells. All the experiments were
repeated at least three times.
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Fig. 2. Analysis of INP-Gldh protein from different cellular fractions by SDS-PAGE.
Lane M,  protein standard markers. Lanes 1–3, E. coli cells harboring pTInaPb-Gldh:
ig. 1. Gldh activity of E. coli harboring expression vectors which were induced
nder different concentrations of IPTG.

. Results and discussion

.1. Construction of expression plasmids and the display of the
usion protein

The recombinant plasmid pTInaPb-N-Gldh was constructed suc-
essfully based on N-terminus gene of INP and pET28a (+) for the
xpression of Gldh on the cell surface of E. coli. Subsequently the
ecombinant plasmid was transformed into E. coli BL21 (DE3). Cells
ere harvested after induction for 24 h with IPTG. Various concen-

rations of IPTG were added into the culture to study the effect of
PTG on activity of recombinant protein. A highest enzyme activ-
ty was obtained when strains harboring plasmid pTInaPb-N-Gldh

ere cultured with 0.4 mM IPTG at 25 ◦C (Fig. 1), indicating that
he appropriate concentration of IPTG realized a high expression
f INP-Gldh and avoided the formation of inclusion bodies. In our
nitial experiments, gldh gene from Bacillus subtilis had been used
o construct Gldh display system. However, it was expressed in the
orm of inclusion body at any IPTG concentration, suggesting that
ldh gene from B. subtilis was incapable of achieving expression in
oluble form in E. coli cells.

.2. Cell fractionation and SDS-PAGE analysis

To investigate whether Gldh was expressed successfully on the
urface of cells, whole cell lysates and cellular fractions of inner
embrane of the recombinant E. coli were separated by sonication

nd centrifugation to collect the Gldh for SDS-PAGE analysis. Bands
f about 60 kDa corresponding to INP-Gldh, which were found
ostly in outer membrane fraction and a very small amount in

ytoplasmic fraction of E. coli cells were used for expression. Mean-
hile, no INP-Gldh fusion protein was detected there in the inner
embrane fraction and any other fractions of the negative control

trains (Fig. 2). This result indicated the successful construction of
naPb-N-Gldh plasmid and the correct location of fusion protein.

.3. Enzyme activity of surface displayed Gldh

The Gldh activities of both the whole cells and cell fractions
ere measured, which are summarized in Table 1. Enzyme activ-

ty for the outer membrane fraction from E. coli harboring plasmid
TInaPb-N-Gldh was 17.96 ± 0.69 U/mg cells (3.12 ± 0.12 U/OD600),

ccounting for approximately 90% of the whole cells activity. By
ontrast, there was little Gldh activity existed in the inner mem-
rane fraction for the Gldh surface diaplaying cell and any fractions
f the negative control strains. All the above results demonstrated
lane 1, inner membrane fraction; lane 2, outer membrane fraction; lane 3, cytoplas-
mic  fraction; lanes 4–6, the control strain: lane 4, cytoplasmic fraction; lane 5, inner
membrane fraction; lane 6, outer membrane fraction.

that the INP-Gldh protein was  properly displayed on the cell sur-
face.

3.4. The effects of temperature and pH on INP-Gldh activity

The effects of temperature and pH on enzyme activity of INP-
Gldh were studied (Fig. 3). The activity of bacteria-Gldh rose with
the increasing temperature from 23 ◦C to 70 ◦C, and thereafter, the
activity began to decrease (Fig. 3A), which may be caused by the
instability of NADP+ [38]. It was found that the highest activity
for Gldh occurred at 70 ◦C, which was  higher than those for the
purified free Gldh from E. coli (60 ◦C) and for Gldh from Corynebac-
terium callunae (30 ◦C) [39,40]. As shown in Fig. 3B, the whole cell
could retain over 50% of its initial activity within the range of pH
7–10, however, the Gldh activity declined dramatically when the
pH was lower than 7.5 or higher than 9.5. The optimal pH value was
around 9.0 for bacteria-Gldh, which was similar with other hyper-
thermophilic Gdhs. It was  reported that the optimal pHs for the
oxidative deamination of Gldh from Pyrobaculum islandicum and
Bacillus fastidiosus were 9.7 and 8.6, respectively [41,42].

3.5. Stability of the bacteria-Gldh

As shown in Fig. 4A, for the displayed cells, Gldh could retain 70%
of its original enzyme activity after being treated at 50 ◦C or 60 ◦C
for 7 h, suggesting the favorable stability, which was  probably orig-
inating from the decreased molecular flexibility of Gldh [43]. Like
Gldh from the thermoacidophilic archaebacterium Sulfolobus sol-
fataricus, the enzyme was less stable as the temperature rose [44].
Meanwhile, a sharp drop in enzyme activity appeared as the tem-
perature reached 80 ◦C, which could affect the tolerance of strain
toward high temperature. It could keep more than 60% of its origi-
nal activity after 3 h incubation at 90 ◦C. In comparison with Gldh of
Halobacterium salinarum retaining only 55% of activity after incu-
bation of 30 min  at 90 ◦C, our displayed Gldh is more heat-resistant
[45].

It is important to select an appropriate temperature to store
Gldh-displayed cells for maintaining the enzyme activity. Fig. 4B
shows the enzyme activity of bacteria-Gldh varying with storage

temperature. Bacteria-Gldh almost remained the original activity
over a month at 4 ◦C, which could be considered as the optimal
storage temperature. 39.4% of Gldh activity was lost after incuba-
tion for one month at 37 ◦C. Moreover, the whole cell could retain
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Table  1
Activity of different subcellular fractions of E. coli cells.

Plasmid Gldh activity (U/OD600)a

Whole cell Cell lysate Outer membrane Cytoplasm Inner membrane

pTInaPbN-gdh 3.12 ± 0.12 2.97 ± 0.04 2.81 ± 0.11 0.05 ± 0.008 0.03 ± 0.006
Negative control 0.02 ± 0.003 0.03 ± 0.006 0.02 ± 0.005 NDb NDb

a The data were shown as mean(±SD) for three repetitive measurements, where SD stands for standard deviation.
b Not detectable.

Fig. 3. The influence of temperature (A) and pH (B) on Gldh activity. Absorbance
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Table 2
Substrate specificity of the cell-surface displaying Gldh.

Substratea Absorbance at 340 nmb

l-Glutamate 0.664 ± 0.013
l-Aspartic acid 0
l-Histidine 0
l-Phenylalanine 0
l-Argnine 0
l-Lysine 0
l-Tyrosine 0
l-Threonine 0
l-Serine 0
l-Methionine 0
l-Valine 0
l-Leucine 0
l-Glycine 0
alues at 340 nm were measured at different temperatures or pH in standard reac-
ion  system by spectrophotometer. The error bars represent the standard error of
hree independent experiments.

ver 40% of its initial activity at 60 ◦C for 1 month. These results
emonstrated that Gldh-cell surface display system using INP as the
nchoring motif had little interference on cell membrane structure,
hich was consistent with other similar surface display systems

30,46]. The pH stability of Gldh is shown in Fig. 4C. A sharp decline
f Gldh activity appeared when pH was lower than 7 or higher than
0, which is probably arising from the disruption of its active site.
eanwhile, the enzyme activity was stable after incubation at pH

.0–9.0 for 8 h, and most stable at pH 8.5.

.6. Substrate specificity and coenzyme specificity
Substrate specificity of bacteria-Gldh was examined by per-
orming assay with other amino acids instead of L-glutamate as
ubstrate (Table 2). A strong absorbance at 340 nm was  detected
ue to oxidative deamination catalyzed by the cell surface
a The concentration of each substrate is 2 mM.
b The absorbance was shown as mean(±SD) for three repetitive measurements.

displayed Gldh when l-glutamine was used as the substrate.
However, no absorbance at 340 nm was detected when other
amino acids were present, suggesting the high specificity of the
displayed Gldh to l-glutamate. In comparison, Gldh from the
hyperthermophilic archaeon Pyrobaculum calidifontis can catalyze
not only l-glutamine, but also l-norvaline, l-valine and l-leucine,
indicating that our bacteria-Gldh is more selective for l-glutamate
[47]. On the other hand, when bacteria-Gldh was mixed with
l-ascorbic acid, acetaminophen, and uric acid (each 5 mM)  in the
presence of NADP+, no absorbance at 340 nm was detected (data
not shown), suggesting that these species have no effect on the
optical detection of glutamate.

The coenzyme specificity of INP-Gldh was  also detected using
NADP+ or NAD+ as coenzyme, respectively. INP-Gldh exhibited cat-
alytic activity only in the case of NADP+ as reducing coenzyme,
which agreed with other hyperthermophilic Gdhs [47,48]. Actually,
most hyperthermophilic Gldhs are NADP+ specific [1].

3.7. Effects of different metal ions and anions on the enzyme
activity

The effects of various ions on the enzyme activity are listed in
Table 3. The surface displayed Gldh in the presence of Na+ and
K+ (each 100 mM)  exhibited little fluctuation on activity, which
is similar to Gldh from Pyrobaculum calidifontis [47]. Compared
with alkali metal ions, NH4

+ at 100 mM exhibited product inhi-
bition behavior (Eq. (1)), however, it at 10 mM NH4

+ had little
influence, which was similar to Gldh from pumpkin cotyledon [49].
Enzyme activity appeared slight increase in the presence of Ca2+

and Mg2+(each 10 mM),  which is in accordance with the purified
enzymes [37,47]. Zn2+ (10 mM)  exhibited an appreciable inhibition
to enzyme activity. However, other transition metal ions such as
Cu2+, Mn2+, Co2+, and Cd2+ could dramatically inhibit the activity
of bacteria-Gldh, and almost 50% activity was  lost at their con-

centration of 1 mM.  Surprisingly, no absorbance peak at 340 nm
was detected when 1 mM Fe3+ was  added to the enzyme solu-
tion, indicating that Fe3+ could cause strong inhibition of enzyme
activity. This enzyme inhibition induced by ions was similar to
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Fig. 4. (A) Thermal stability of surface displayed Gldh. (B) Effect of storage temper-
ature on enzyme activity. (C) pH stability of surface displayed Gldh. All assays were
conducted in standard system and all results were acquired from at least three inde-
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Table 3
Effects of common ions on the enzyme activity of bacteria-Gldh.

Ion species (Conc) Relative activity (%)

None 100
Na+ (100 mM) 99.48 ± 1.85
K+ (100 mM)  99.45 ± 2.34
NH4

+ (100 mM)  50.26 ± 2.83
NH4

+ (50 mM)  70.37 ± 2.42
NH4

+ (10 mM)  99.91 ± 3.02
Ca2+ (10 mM)  120.3 ± 2.56
Mg2+ (10 mM) 117.7 ± 3.60
Zn2+ (10 mM) 72.10 ± 2.03
Cu2+ (1 mM)  55.08 ± 1.98
Mn2+ (1 mM)  51.25 ± 2.34
Co2+ (1 mM)  42.41 ± 3.24
Cd2+ (1 mM)  41.27 ± 2.02
Fe3+ (1 mM) 0
CO3

2− (100 mM)  100.9 ± 2.15
H2PO4

− (100 mM)  99.95 ± 2.55
HPO4

2− (100 mM)  99.92 ± 3.23
HCO3

− (100 mM) 99.86 ± 3.01
NO3

− (100 mM)  99.83 ± 2.32
Cl− (100 mM)  99.62 ± 2.44
Ac− (100 mM)  99.46 ± 2.16

respectively. Apparently, our approach showed better sensitivity.
endent measurements. The error bars represent the standard error of independent
xperiments.

lpha-amylase from Aspergillus flavus [50]. Actually, effect of metal
ons on enzyme is a very complex issue relating to the enzyme
tructure and catalytic mechanism [51,52]. In addition, the com-
on anions such as Cl−, SO4

2−, NO3
−, Ac−, HCO3

−, CO3
2−, H2PO4

−

nd HPO4
2− (each 100 mM)  had little adverse effect on the enzyme

ctivity, probably because they do not affect the active sites of the
nzyme [51].
SO4
2− (100 mM)  99.72 ± 2.34

3.8. Detection of glutamate using cell-surface expressed Gldh

As shown in Eq. (1), glutamate is oxidized to �-ketoglutarate by
Gldh in the aid of coenzyme of NADP+, which is then reduced to
NADPH. The amount of resultant NADPH is directly proportional
to the concentration of the glutamate. As addressed before, NADPH
exhibits typical absorption peak at 340 nm.  For different concentra-
tions of l-glutamate in the reaction system, absorbances at 340 nm
were measured using spectrophotometer. The response of sub-
strate in the absence of any recombinant enzyme was recorded
as a control. The calibration curve was  obtained by plotting
the absorbance at 340 nm against the l-glutamate concentration
(Fig. 5). Clearly, the absorbance response was  linear with concen-
tration of l-glutamate within 10–400 �M.  The limit of detection
(LOD) our method was 6 �M l-glutamate (S/N = 3). In the context,
other approaches were reported for the detection of l-glutamate
with different analytical performance, for example, LODs of 68 �M
and 20 �M l-glutamate were reported for polarographic biosen-
sor and methyl viologen-modified glassy carbon electrode [19],
Fig. 5. The calibration curve for l-glutamate.



J. Song et al. / Enzyme and Microbial

Table  4
Determination of l-glutamate in real samples.

Sample l-glutamate content (w/w, %) Relative error (%)

This worka Nutrition info

#1b 96.5 ± 3.4 99.0 −2.5
#2c 77.2 ± 2.6 80.0 −3.5
#3d 41.2 ± 1.0 40.0 +3.0

a All values were shown as mean(±SD) for three repetitive measurements.
b #1 represents the local MSG.
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c #2 represents the salted MSG.
d #3 represents the local chicken essence seasoning.

.9. Detection of glutamate in real samples

To study the practicality of the developed method, the content of
-glutamate in different local flavoring agents was detected. Based
n the proposed method, the samples were initially dissolved in
ater, followed by filtered through a 0.22-�m membrane, and the
ltrates were collected and diluted with 100 mM Tris–HCl buffer
pH 8.0) solution before measurement. The results were shown in
able 4, which are in good agreement with that labeled values in
he Nutritional Information on the package, demonstrating that the
ecombinant cells were capable of precise detection of l-glutamate.

. Conclusions

In summary, Gldh was first to successfully display on the cell
urface of E. coli using inaPb from P. borealis as an anchoring motif.
he fusion protein was about 60 kDa, which was confirmed by
DS-PAGE analysis. The majority of Gldh activity was detected in
he outer membrane fraction, suggesting that the Gldh could be
isplayed on the cell surface in its active form. The Gldh surface
isplayed cells showed high activity under the optimal pH and tem-
erature conditions. The bacteria-Gldh is NADP+ dependent and
pecific to l-glutamate, which exhibited excellent stability and ion
olerance. Finally, the oxidization of l-glutamate by the cell sur-
ace displayed Gldh with NADP+ as cofactor was applied to develop
ptical method to detect l-glutamate. Considering all the excellent
roperties mentioned above, the bacteria-Gldh holds great poten-
ial as biocatalyst for biosensor and industrial catalysis applications.
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