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Abstract

Background: For the production of L-phenylalanine (L-Phe), two molecules of phosphoenolpyruvate (PEP) and one
molecule erythrose-4-phosphate (E4P) are necessary. PEP stems from glycolysis whereas E4P is formed in the pentose
phosphate pathway (PPP). Glucose, commonly used for L-Phe production with recombinant E. coli, is taken up via the
PEP-dependent phosphotransferase system which delivers glucose-6-phosphate (G6P). G6P enters either glycolysis or
the PPP. In contrast, glycerol is phosphorylated by an ATP-dependent glycerol kinase (GlpK) thus saving one PEP.
However, two gluconeogenic reactions (fructose-1,6-bisphosphate aldolase, fructose-1,6-bisphosphatase, FBPase)
are necessary for growth and provision of E4P. Glycerol has become an important carbon source for biotechnology
and reports on production of L-Phe from glycerol are available. However, the influence of FBPase and transketolase
reactions on L-Phe production has not been reported.

Results: L-Phe productivity of parent strain FUS4/pF81 (plasmid-encoded genes for aroF, aroB, aroL, pheA) was
compared on glucose and glycerol as C sources. On glucose, a maximal carbon recovery of 0.19 mM CPhe/CGlucose
and a maximal space-time-yield (STY) of 0.13 g l−1 h−1 was found. With glycerol, the maximal carbon recovery was
nearly the same (0.18 mM CPhe/CGlycerol), but the maximal STY was higher (0.21 g l−1 h−1). We raised the chromosomal
gene copy number of the genes glpK (encoding glycerol kinase), tktA (encoding transketolase), and glpX (encoding
fructose-1,6-bisphosphatase) individually. Overexpression of glpK (or its feedback-resistant variant, glpKG232D) had little
effect on growth rate; L-Phe production was about 30% lower than in FUS4/pF81. Whereas the overexpression of
either glpX or tktA had minor effects on productivity (0.20 mM CPhe/CGlycerol; 0.25 g l−1 h−1 and 0.21 mM CPhe/CGlycerol;
0.23 g l−1 h−1, respectively), the combination of extra genes of glpX and tktA together led to an increase in maximal
STY of about 80% (0.37 g l−1 h−1) and a carbon recovery of 0.26 mM CPhe/CGlycerol.

Conclusions: Enhancing the gene copy numbers for glpX and tktA increased L-Phe productivity from glycerol
without affecting growth rate. Engineering of glycerol metabolism towards L-Phe production in E. coli has to
balance the pathways of gluconeogenesis, glycolysis, and PPP to improve the supply of the precursors, PEP
and E4P.
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Background
Glycerol is presently the main carbon byproduct (about
10% w/v) of biodiesel production which is increasing
worldwide [1,2]. Glycerol thus is a renewable feedstock
which can be utilized as sole carbon- and energy-source
by microorganisms like E. coli. Under aerobic conditions,
the metabolism of glycerol in E. coli starts by uptake into
the cells either through simple diffusion (relevant if milli-
molar concentrations are present) or via protein-mediated
(GlpF) facilitated diffusion [3]. Glycerol is trapped by an
ATP-dependent glycerol kinase (GlpK) to yield glycerol-
3-phosphate (G3P) [4] which is then oxidized by a
membrane-bound ubiquinone-8 (UQ8)-dependent G3P
dehydrogenase (GlpD) to dihydroxyacetone phosphate
(DHAP) [5,6] that enters glycolysis (Figure 1). Reduced
UQ8 passes its electrons along the respiratory chain
onto oxygen with the eventual formation of ATP. With
glycerol as carbon source, a P/O-ratio of 0.83 has been
determined [7]. In contrast, glucose, currently the most
frequently used carbon and energy source for the micro-
bial production of fine chemicals [8], enters the E. coli
cell mainly through enzymes II of the phosphoenolpyruvate
(PEP)-dependent sugar phosphotransferase system (PTS)
which transports glucose with concomitant phosphor-
ylation to G6P [9,10]. During metabolism of G6P via the
upper Embden-Meyerhof-Parnas pathway, no reducing
equivalents are produced until DHAP/glyceraldehyde-
3-phosphate (Ga3P) is reached. Catabolic pathways of
Figure 1 Pathway and carbon flux from glycerol to L-phenylalanine. S
indicate an incomplete presentation of the metabolic pathway. The reactio
fructose-1,6-bisphosphatase (GlpX) are highlighted in bold. Numerics indica
Based on 1000 molecules of glycerol, 298.7 molecules of L-Phe can be form
glycerol and glucose convene at this step and both
compounds are metabolized via the lower trunk of gly-
colysis to PEP and the final product, pyruvate [11].
The main drawback for the utilization of glycerol as

carbon source for the fermentative production of bulk
or fine chemicals is the relatively slow growth of E. coli on
this carbon source. On glucose, E. coli reaches a growth
rate (μ) of up to 0.8 h−1 [12]. In contrast, on glycerol μs
are in the range of μ = 0.23 - 0.55 h−1 [11,13]. The activity
of the glycerol kinase (gene glpK) has been described as a
limiting factor for the growth on glycerol [4]. From the
basic understanding of glycerol metabolism, it is known
that GlpK is inhibited by fructose-1,6-bisphosphate
(F1,6BP) [14]. The group of Lin showed that an E. coli
mutant strain with a GlpK enzyme resistant towards
feedback inhibition by F1,6BP displayed a higher growth
rate than the wild-type. The doubling time of the mutant
on glycerol had decreased from 90 min to 70 min (equiva-
lent to an increase of μ from 0.42 h−1 to 0.46 h−1) [4]. An
analysis of glycerol-specific revertants of a ptsI mutant of
E. coli had shown that most revertants had an altered
regulation by F1,6BP [15].
Furthermore, unphosphorylated molecules of enzyme

IIAGlc (EIIAGlc) inhibit glycerol kinase and thus provoke
inducer exclusion [9,16,17] as the inducer molecule of the
glp regulon, G3P, cannot be formed [14]. This prevents
coutilization of glucose and glycerol and results in diauxic
growth [11]. Comparisons of glpK-mutant strains which
cheme of carbon flux to L-Phe based on glycerol. Broken arrows
ns catalyzed by glycerol kinase (GlpK) transketolase (TktA) and
te the numbers of molecules from the aforementioned compounds.
ed.
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were either resistant towards F1,6BP [15] or against EIIAGlc

[16] confirmed that F1,6BP is the main effector of glycerol
kinase.
Another limiting step in glycerol metabolism is the

necessity for a gluconeogenic formation of G6P, specif-
ically the reaction from F1,6BP to fructose-6-phosphate
(F6P) [18] catalysed by the enzyme fructose-1,6-bispho-
sphatase (FBPase). E. coli has two isoenzymes (FBPase I
and FBPase II) encoded by the genes fbp [19,20] and glpX
[21], respectively. Under glycerol-limiting conditions, the
flux through the gluconeogenic FBPase is equal to 13% of
the glycerol consumption rate [22].
Production of valuable compounds e.g. aromatic amino

acids such as L-Phe necessitates provision of the building
blocks, − PEP and E4P [23-25]. Whereas PEP formation
from glycerol can occur via the lower glycolytic pathway,
E4P formation requires functions of the PPP and a
connection from gluconeogenesis to the PPP. Thus the
enzyme transketolase could play a major role in
provision of the precursor E4P [24-27] when E. coli cells
grow on glycerol. One of the transketolase reactions is the
interconversion of F6P and Ga3P to E4P and xylulose-5-
phosphate (X5P) [26,28,29] and is therefore directly in-
volved in the supply of the L-Phe precursor, E4P.
We show here the utilization of glycerol as carbon and

energy source for E. coli cells and production of a valuable
compound, L-Phe which is a precursor of the artificial
sweetener, Aspartame. L-Phe world production exceeds
15.000 tons/year with main production capacities in China
[24,25,30]. The utilization of glycerol as carbon source for
the production of aromatic amino acids, and specifically
L-Phe, has been shown earlier [31-36]. To our best know-
ledge, however, no attempts have been made to improve
aromatic amino acid production, and especially L-Phe,
from glycerol as sole carbon source by improving glu-
coneogenic and PPP reactions. We also show that crude
glycerol, the byproduct of biodiesel production can be
used for L-Phe production.

Results
Production strain E. coli FUS4/pF81
We intended to study L-Phe production from glycerol as
sole carbon and energy source. As a model for strain devel-
opment, we used derivatives of E. coli K-12 wild type strain
W3110 (laboratory name LJ110, [37]). A double auxotroph
mutant (F4, auxotrophic for L-Phe and L-tyrosine) was
engineered by deletion of the chromosomal genes pheA,
aroF, and tyrA [38] which are adjacent on the E. coli
chromosome. To convert this strain into an L-Phe produ-
cer, it had been transformed with plasmid pF81 (AmpR;
lacIq/Ptac-dependent promoter) which carries an artificial
operon consisting of the genes aroF, pheA’, aroB, and aroL
(see Table 1 in Materials and Methods) [38]. This gene
combination had been shown earlier to result in a L-Phe
producer which had high L-Phe productivity in shaking
flasks or fermenters while low acetic acid or other by-
products were formed with glucose as sole C- and energy
source [25,38-40]. It has to be noted that plasmid pF81
carries the genes aroF (for the tyrosine-sensitive DAHP-
Synthase AroF), and pheA’ (encoding a C-terminally short-
ened chorismate mutase/prephenate dehydratase PheA)
which renders PheA resistant towards the final product,
L-Phe. Strain F4/pF81 remains auxotrophic for L-tyrosine;
this feature can be used to control biomass formation
[38,40]. Due to the notorious plasmid loss during cultiva-
tions (even with intermittent addition of ampicillin) we
decided to enhance the activities of AroF, AroB, and AroL
further. Therefore, an artificial operon of the three genes
(aroF, aroB, and aroL under a Ptac-promoter control) was
chromosomally inserted into the lac gene locus [41,42].
The resulting strain, FUS4 (see Table 1; Materials and
Methods), was the parent strain for further genetic mani-
pulations described in this work and others [31,43].

Effect of carbon source (glucose, glycerol, crude glycerol)
and pO2 on L-phenylalanine productivity in fed-batch
cultivations
In order to compare the L-Phe productivity of E. coli FUS4/
pF81, fed-batch experiments were performed on glucose or
glycerol as carbon and energy sources (Figure 2a-d). For gly-
cerol, both pure glycerol (86%) as well as crude glycerol
(83.2%) was used. Cells were cultivated in a 3.6 l-bioreactor
at 37°C as described in Materials and Methods. As can be
seen from Figure 2 and Table 2, growth rate was higher
with glucose, reaching μ = 0.49 ± 0.01 h−1 whereas on
glycerol, growth rate was μ = 0.27 ± 0.01 h−1. However,
L-Phe productivity was higher with glycerol reaching a
space-time-yield (STY) of 0.21 ± 0.02 g l−1 h−1 and a
carbon recovery of 0.18 ± 0.02 mM CPhe/CGly. In
comparison, STY under our conditions with glucose
was 0.13 ± 0.01 g l−1 h−1 with a similar carbon recovery
(0.19 ± 0.02 mM CPhe/CGlc). Crude glycerol from biodiesel
could also be utilized by E. coli cells for the production of
L-Phe. The STY with crude glycerol (at 20% oxygen partial
pressure) was 0.22 ± 0.05 g l−1 h−1 and the carbon recovery
reached 0.23 ± 0.05 mM CPhe/CGly. We take this as
evidence that crude glycerol can substitute for pure gly-
cerol. This had recently also been shown for another
strain that produced L-Phe [35]. However, as we no-
ticed rather high standard deviations with crude gly-
cerol preparations (possibly due to impurities in the
crude glycerol) we decided to continue our subsequent
studies with pure glycerol as carbon and energy source.
Acetate and lactate had accumulated as byproducts

during both, glucose and glycerol fermentations and
also with crude glycerol. With glycerol, up to 40 mM
lactate and 15 mM acetate were produced whereas
with glucose the concentrations reached 20 mM lactate



Table 1 Strains and plasmids used in this study

Strain or plasmid Relevant Genotype all strains are E. coli K-12 Reference

LJ110 Wildtype W3110 (F−, λ−, IN (rrnD-rrnE) 1, rph-1) [37,44]

BW25113 lacIq rrnBT14 ΔlacZWJWJ16 hsdR514 [45]

ΔaraBADAH33 ΔrhaBADLD78

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1
lac[F’proABlacIqZΔM15Tn10(Tetr)]

(Stratagene, La Jolla, USA)

F4 LJ 110 Δ (pheA tyrA aroF) [38]

F144 LJ 110 Δlac::Ptac::aroFBL J.Bongaerts, unpubl. [42]

FUS4 LJ110 Δ (pheA tyrA aroF) Δlac::Ptac::aroFBL
+ =

F4 x P1-lysate F144
G. A. Sprenger and N. Trachtmann, unpubl.

BW25113 ΔtktA BW25113 Ara+ ΔtktA N. Trachtmann and G.A. Sprenger, [42]

BW25113 ΔtktA tktA+ BW25113 Ara+ ΔtktA gal::Ptac::tktA-cat N. Trachtmann, [42]

BW25113 glpK+ BW25113 Δmal::Ptac::glpK-cat This work

BW25113 glpKG232D BW25113 Δmal::Ptac::glpK G232D-cat This work

LJ110 ΔglpK LJ110 ΔglpK-km This work

LJ110 ΔglpK glpK+ LJ110 ΔglpK-km Δmal::Ptac::glpK-cat = LJ110
ΔglpK x P1-lysate BW25113 glpK+

This work

LJ110 ΔglpK glpKG232D+ LJ110 ΔglpK-km Δmal::Ptac::glpKG232D-cat =
LJ110 ΔglpK x P1-lysate BW25113 glpKG232D+

This work

BW25113 glpX+ BW25113 Δrbs::Ptac::glpX-cat This work

FUS4.2 FUS4 Δmal::Ptac::glpK-cat = FUS4 x P1-lysate
BW25113 glpK+

This work

FUS4.2-1 FUS4 Δmal::Ptac::glpKG232D-cat = FUS4 x
P1-lysate BW25113 glpKfbr+

This work

FUS4.5 FUS4 Δgal::Ptac::tktA-cat = FUS4 x P1-lysate
BW25113 ΔtktA tktA+

This work

FUS4.6 FUS4 Δrbs::Ptac::glpX-cat = FUS4 x P1-lysate
BW25113 glpX+

This work

FUS4.6-2 FUS4 Δrbs::Ptac::glpX This work

FUS4.7 FUS4 Δrbs::Ptac::glpX Δgal::Ptac::tktA-cat =
FUS4.6-2 x P1-lysate BW25113 ΔtktA tktA+

This work

pKD46 λ Red disruption system (γ, β, exo under
control of araBp), AmpR

[45]

pCP20 FLP+, λ ci857+, λ ρR Repts, AmpR, CmR [46]

pCO1kanFRT Ampr Kmr; Kanamycin resistance gene flanked
by FRT sites

U. Degner and G.A. Sprenger, unpubl. [42]

pCO1catFRT Apr Cmr; chloramphenicol resistance gene
flanked by FRT sites

U. Degner and G.A. Sprenger, [42]

pJF119EH Ptac, RBS, AmpR, lacI [47]

pF81 Ptac::aroF, pheA
fbr, aroB, aroL AmpR, lacI [25,38]b

pKUS3 1,5 kb glpK-PCR-Product (Nde I→ blunt/Hind III)
from E. coli LJ110 (W3110) in pJF119EH
(EcoRI→ blunt/HindIII)

This work

pKUS3-1 pKUS3 with Quikchange glpK G695A (bp) This work, according to [48]

pKUS10 pKUS3 with a chloramphenicol-resistance
cassette in Sph I-site

This work

pKUS13 1,5 kb glpX-PCR-Product (Nde I→ blunt/Hind III)
from E. coli LJ110 (W3110) in pJF119EH
(EcoRI→ blunt/HindIII)

This work

pKUS14 pKUS13 with a chloramphenicol-resistance
cassette in Sph I-site

This work
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Figure 2 In order to compare (glucose, glycerol, crude glycerol) and pO2 on L-phenylalanine productivity in fed-batch cultivations.
Strain FUS4/pF81 was cultivated in fed-batch mode under different conditions. (a) with glycerol at 60%, (b) or 20% O2 saturation, (c) with glucose
(60% O2), or (d) with crude glycerol (20% O2) as carbon source. The arrows indicate the time point when IPTG was added for induction. Data for
growth rate, carbon yield, space-time-yield, and absolute concentration of L-Phe are listed in Table 2. All fermentations were conducted in MM as
described in Materials and methods and were performed two times independently. The mean values are given in Table 2. Diamonds indicate
OD600 values, triangles indicate L-Phe concentration [g l−1].
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and 3.0 mM acetate. With crude glycerol, ca. 25 mM
acetate and 50 mM lactate were found.
We observed further that a decrease in the oxygen

partial pressure (pO2) from 60% to 20% during the cul-
tivation on glycerol was followed by an increase in STY
(0.26 ± 0.01 g l−1 h−1) and carbon recovery (0.26 ± 0.03 mM
CPhe/CGly); in contrast, less glycerol was consumed during
a fed-batch regime at low oxygen tension (from 124.7 ±
10.8 g to 99.4 ± 4.3 g). No byproducts were seen when the
glycerol concentration stayed below 5 g l−1during the
cultivation with low pO2. In the absence of an exhaust
gas analysis, however, we were not able to investigate
this finding in more depth.
Since our aim was to combine a high glycerol conver-

sion with an optimal carbon distribution and a high L-Phe
production, all following fermentations were performed
at 60% oxygen availability where we had measured the
highest glycerol consumption.
Influence of additional chromosomal copies of glpK
alleles on L-Phe production
Having shown that glycerol is a favourable carbon source
for L-Phe production with E. coli, we investigated whether
genetic alterations of glycerol metabolism might even
further improve productivity. It had been described
that in wildtype E. coli cells, the catabolism of glycerol is
limited by the activity of glycerol kinase [4]. Furthermore,
a point mutation at position 232 (Gly→Asp exchange,
G232D) of the protein had partially relieved the enzyme
from feedback inhibition by F1,6BP [48,49]. We therefore
tried to enhance growth rate and L-Phe production in
FUS4/pF81 by the chromosomal integration of an
additional gene copy of either glpK or of glpKG232D. We
therefore cloned the wild type glpK gene first on a plasmid
(pKUS3, Table 1) and then reconstituted the point mu-
tation (G695A in the gene sequence leading to a G232D
exchange in the amino acid sequence) by site-directed



Table 2 Comparison of the results from the fed-batch fermentations with FUS4/pF81 and its derivatives

Strain Growth rate Maximal carbon
recovery Y CPhe/CGly

Maximal
space-time-yield

Maximal
concentration L-Phe

Lactate
conc.

Acetate
conc.

(μ [h−1]) [mM] ([%]) [g l−1 h−1] ([%]) [g l−1] ([%]) [mM] [mM]

FUS4/pF81 0.27 ± 0.01 0.18 ± 0.02 (100) 0.21 ± 0.02 (100) 7.9 ± 0.2 (100) 30.7 ± 10.5 9.5 ± 5.5

FUS4/pF81 (20% O2) 0.26 ± 0.01 0.26 ± 0.03 (144.4) 0.26 ± 0.01 (123,8) 9.4 ± 0.7 (119,0) n.d.* n.d.

FUS4/pF81 (Glucose) 0.49 ± 0.01 0.19 ± 0.02 (105.6) 0.13 ± 0.01 (61.9) 5.5 ± 1.3 (69.6) 15.4 ± 4.7 3.0 ± 0.7

FUS4/pF81 (crude glycerol, 20% O2) 0.32 ± 0.01 0.23 ± 0.05 (127.8) 0.22 ± 0.05 (104.8) 10.0 ± 0.9 (126.6) 46.8 ± 1.5 24.9 ± 6.8

FUS4.5/pF81 0.28 ± 0.02 0.21 ± 0.04 (116.7) 0.23 ± 0.01 (109.5) 9.7 ± 0.8 (124.0) 69.1 ± 9.5 21.9 ± 3.7

FUS4.6/pF81 0.29 ± 0.03 0.20 ± 0.01 (111.1) 0.25 ± 0.02 (119.0) 7.3 ± 0.5 (92.4) 21.1 ± 1.4 3.2 ± 0.4

FUS4.7/pF81 0.24 ± 0.01 0.26 ± 0.06 (144.4) 0.37 ± 0.01 (180.5) 10.1 ± 0.2 (127.8) 31.3 ± 5.0 7.9 ± 3.8

n.d. not detectable, *lactate was not detectable as long as the glycerol concentration stayed below 5 g/l.
All fed-batch fermentations were conducted two times independently in MM in a 3.6 l bioreactor (as described in Materials and methods). If not stated otherwise,
(in brackets) pure glycerol was used as carbon source and oxygen saturation was at 60%. The values represent the mean value and the standard deviation.
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mutagenesis (plasmid pKUS3-1, Table 1). Glycerol kin-
ase activity was measured using the crude extract as de-
scribed in Material and Methods. We could confirm
that feedback inhibition by F1,6BP was exerted upon
the wild type glycerol kinase as its activity was reduced
to 20% in the presence of 10 mM F1,6BP. In contrast,
the G232D enzyme variant retained 70% of its activity
in the presence of 10 mM of the effector (Table 3).
Next, to check the functional activity of both alleles

in vivo, we integrated either glpK or glpKG232D in mutant
strain LJ110 ΔglpK which had been made unable to
metabolize glycerol due to a glpK knockout (see Table 1).
Both genes were integrated into the mal gene locus
(under the control of a Ptac-promoter) following described
methods [45,51-53]. On MacConkey agar pH indicator
plates with 1% glycerol, it became visible that each of the
Table 3 Enzyme activities of fructose-1,6-bisphosphatase
II and glycerol kinase in the crude extract

Strain FBPase activity
[U mg crude extract−1]

Glycerol kinase activity
[U mg crude extract−1]

0 mM FBP 10 mM FBP

FUS4 0.53 ± 0.21 - -

FUS4.6 0.97 ± 0.24 - -

DH5α pJF119 0.42 ± 0.22 1.5 ± 0.3 0.2 ± 0.1

DH5α pKUS13 3.05 ± 0.62 - -

DH5α pKUS3 - 52.7 ± 4.1 11.2 ± 0.9

DH5α pKUS3-1 - 64.4 ± 3.6 43.3 ± 3.8

Cells were grown and induced with IPTG as described in Materials and methods.
FBPase and glycerol kinase activity was measured in cell-free extracts. DH5α/pKUS13
(carrying gene glpX) was compared to the control, DH5α/pJF119EH (empty vector).
DH5α/pKUS3 (carrying gene glpK) and DH5α/pKUS3-1 (carrying gene glpKG232D)
were also compared to the control, DH5α/pJF119EH. After chromosomal integration
of glpX FBPase activity was measured in the cell-free extract of the resulting strain
FUS4.6 and as control in the parent strain, FUS4. FBPase activity was measured by
quantifying phosphate release using a malachite green/ammonium molybdate
solution and glycerol kinase activity was measured using a pyruvate kinase and
lactate dehydrogenase coupled assay as described in Materials and methods [50].
The values represent the mean value and the standard deviation.
glpK alleles was able to reconstitute a glycerol-positive
phenotype (acid formation from glycerol) of LJ110 ΔglpK.
Then we introduced the glpK alleles into FUS4 strain

(which has one copy of wild type glpK) to come up with
strains FUS4.2 (additional chromosomal gene copy of
glpK) and FUS4.2-1 with a gene copy of the feedback
resistant glpKG232D. After transformation with the plas-
mid pF81, we cultivated the strains FUS4.2/pF81 and
FUS4.2-1/pF81 in shaking flasks with glycerol as sole
carbon source in order to compare their growth behav-
iour and L-Phe production with the parent strain,
FUS4/pF81.
We found that none of the added glpK alleles had a

significant influence on growth behaviour (Figure 3). The
growth rates were slightly increased compared to the bio-
reactor. For the time period from 1–7 hours, growth rates
were μ = 0.36 ± 0.02 h−1 for FUS4/pF81, μ = 0.37 ± 0.02 h−1

for FUS4.2/pF81, and 0.38 ± 0.01 h−1 for FUS4.2-1/pF81,
respectively. Since the strain FUS4/pF81 had shown a
growth rate of μ = 0.49 ± 0.01 h−1 in a medium with glu-
cose as carbon source, we can exclude the possibility that
growth was limited by components of the mineral medium
other than the C source. Compared to strain FUS4/pF81
which (after 30 h of incubation) had produced 0.11 g l−1 of
L-Phe- both FUS4.2/pF81 and FUS4.2-1/pF81 yielded
about 0.08 g l−1 of L-Phe (Figure 3). As can be seen in
Figure 3, glycerol consumption was slightly increased in
FUS4.2/pF81 and FUS4.2-1/pF81 and lowest in FUS4/
pF81. Therefore we concluded that extra copies of ei-
ther glpK or glpKfbr did not improve L-Phe production
from glycerol.

Integration of an extra gene copy of glpX in E. coli FUS4
We looked at further possible limitations of glycerol catab-
olism. Since growth on glycerol as sole C source requires
gluconeogenesis, the enzyme FBPase could become limiting
[18]. E. coli has two bona fide FBPase enzymes, encoded



Figure 3 Effect of additional copies of glpK or glpKG232D on batch growth and L-phenylalanine production. Strains were grown in MM +
0.5% glycerol in batch cultures as described in Materials and methods. Cultures were analyzed regarding (a) cell growth of FUS4/pF81 (open
squares), FUS4.2/pF81 (open circles, additional chromosomal copy of glpK), and FUS4.2-1/pF81 (open triangles, additional chromosomal copy of
glpKG232D), and L-Phe production in [g l−1] of FUS4/pF81 (filled squares, full line), FUS4.2/pF81(closed circles, full line), and FUS4.2-1/pF81 (filled tri-
angles, full line). The dotted line shows glycerol consumption of FUS4/pF81 (filled squares), FUS4.2/pF81 (closed diamonds), and FUS4.2-1/pF81
(filled triangles). (b) Growth rates were determined during the time period of 1–7 h in (a).
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by genes fbpA and glpX [19-21], the latter is encoded in
an operon together with glpF and glpK [54] and is
expressed together with these genes [55]. We decided
to work with GlpX in the present study.
The glpX gene was first cloned into the expression

vector pJF119EH [47] to yield plasmid pKUS13; FBPase
enzyme activity was determined in pKUS13-recombinant
strains. As can be seen from Table 3, we found a fivefold
higher enzyme activity (measured as phosphate release
from F1,6BP) in cell-free extracts from strain DH5α/
pKUS13, compared to those from a control strain (DH5α/
pJF119EH) which proved that the gene glpX encoded a
functional FBPase activity. Next, the gene glpX was in-
tegrated into the rib locus of E. coli FUS4 (for details
see Table 1 and Materials and Methods section). We
confirmed the proper integration of the gene by incuba-
tion of the strain on MacConkey agar plates (supple-
mented with 10 g l−1 of ribose) which gave a pale colony
phenotype compared to red colonies of control strains
(data not shown). With one added copy of glpX on the
chromosome, the FBPase enzyme activity in the new
strain, FUS4.6, was nearly doubled in contrast to the
parent strain (Table 3).

Growth and L-phenylalanine production with an additional
chromosomal copy of glpX
Strain FUS4.6 was transformed with plasmid pF81. The
growth rate of strain FUS4.6/pF81 in the bioreactor
was nearly unaltered (μ = 0.29 ± 0.03 h−1 compared to
μ = 0.27 ± 0.01 h−1 of FUS4/pF81). Production of L-Phe
was slightly improved with a STY of 0.25 ± 0.02 g l−1 h−1

and a carbon recovery of 0.20 ± 0.01 mM CPhe/CGly

(Figure 4a and Table 2). The analysis of the byproducts
revealed that the amounts of lactate and acetate were
decreased to 20 mM and 3 mM, respectively. This is
about half of the byproduct level of the parent strain,
FUS4/pF81 (cultivated at 60% oxygen availability) found
under these conditions. However, FUS4.6/pF81 showed
less glycerol consumption (ca. 90 g during 60 hours), com-
pared to about 124 g in the parent strain.



Figure 4 (See legend on next page.)

Gottlieb et al. Microbial Cell Factories 2014, 13:96 Page 8 of 16
http://www.microbialcellfactories.com/content/13/1/96



(See figure on previous page.)
Figure 4 Fed-batch cultivations of FUS4/pF81 mutants with putatively increased flux through the PPP. Fed-batch fermentations were
conducted in MM with pure glycerol as carbon source. Cell growth (diamonds) and L-Phe concentrations [g l−1] (squares) are shown in the
diagrams a-c. The arrows indicate induction with IPTG. Data for carbon yield, space-time-yield and absolute concentration of L-Phe are listed in
Table 2. All fermentations were performed two times independently, one typical growth curve is presented. (a) FUS4.6/pF81 (additional gene
copy of glpX), (b) FUS4.5/pF81 (additional gene copy of tktA), (c) FUS4.7/pF81 (additional gene copy of tktA and glpX).
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Construction of a double knock-in mutant of E. coli with
additional chromosomal gene copies of glpX and tktA
Transketolase is an important enzyme of E. coli PPP
[28]. Among other features, loss of tktA gene in E. coli
results in impaired growth on LB agar plates which are
supplemented with bile acids [56] or with sodium dodecyl
sulfate (SDS) (0.25%). The increased sensitivity to SDS is
due to a lack of sedoheptulose 7-phosphate formation by
the transketolase. This in turn leads to a lack of heptose
moieties in the lipopolysaccharide layer of the outer
membrane [57]. Strain E. coli BW 25113 Ara+ ΔtktA
(N Trachtmann & GA Sprenger, unpubl. results) is de-
leted for transketolase gene tktA (see Table 1) and showed
increased sensitivity towards 0.25% SDS (see Additional
file 1). This strain was used as first recipient for the
chromosomal integration of Ptac::tktA-cat gene cassette.
The cassette was inserted into the gal locus to yield strain
BW25113 ΔtktA gal::Ptac::tktA-cat. Growth and colony
formation on LB agar plates with 0.25% SDS was fully
restored in this strain (see Additional file 1). We took
these results as evidence that a functional gene copy of
tktA had been chromosomally integrated. Using phage
P1-mediated transduction [52], the gal::Ptac::tktA-cat cas-
sette was then introduced into strains FUS4 and FUS4.6.2
(descendant from FUS4.6 without cat-cassette, see Table 1)
with selection for chloramphenicol resistance. Strain
FUS4 with an extra copy of tktA was termed FUS4.5,
and with extra copies of both genes, glpX and tktA,
was termed FUS4.7 (Table 1).

Phenylalanine production in E. coli with an additional
gene copy of tktA, or a combination of glpX and tktA
Both strains, FUS4.5 and FUS4.7, were then transformed
with plasmid pF81 and analyzed for their phenylalanine
production in bioreactors. Cultivation and analysis of
strain FUS4.5/pF81 showed that an extra tktA gene copy
had only little effect on growth behaviour and L-Phe pro-
duction. Growth rate on glycerol was μ = 0.28 ± 0.02 h−1,
STY for L-Phe was 0.23 ± 0.01 g l−1 h−1, and carbon recov-
ery was 0.21 ± 0.04 mM CPhe/CGly (Figure 4b, Table 2).
The glycerol consumption reached 135 g during 60 hours
and was thus slightly higher than in the parent strain,
FUS4. The analysis of the byproducts, however, showed an
increase in lactate and acetate production, reaching up to
80 mM and 26 mM of these compounds, respectively. In
comparison, strain FUS4.7/pF81 with extra gene copies of
glpX and tktA showed a slightly decreased growth rate of
μ = 0.24 ± 0.01 h−1, but glycerol consumption was about
equal compared to the strain FUS4/pF81. L-Phe produc-
tion was increased to a STY of 0.37 ± 0.01 g l−1 h−1 and a
carbon recovery of 0.26 ± 0.06 mM CPhe/CGly (Figure 4c,
Table 2). Compared to the parent strain cultivated under
the same conditions, this is an increase of 44.4% regarding
carbon recovery and an increase of 80.5% regarding STY.

Discussion
Glucose is generally the preferred single carbon source
for growth and product formation with E. coli cells
[9,12,58]. However, glycerol which has become a readily
available and unexpensive carbon source as a byproduct
of biodiesel production [1,2] also shows considerable ad-
vantages. Here, to allow a comparison of molecules with
different carbon lengths (glucose with 6C atoms equal to
two C3 units, glycerol with 3 C atoms, equal to one C3
unit), three carbon units (C3) shall be regarded. Under
aerobic conditions, E. coli cells gain less ATP via their
respiratory chain (oxidative phosphorylation) from glucose
C3 units due to the lower grade of reduction [7,59].
Therefore, glycerol -which is a more reduced C3 unit
could yield higher amounts of biomass and products,
especially when compounds with a higher grade of reduc-
tion, or chemicals which afford high ATP-input are
regarded. Figure 1 outlines the major ATP- and NADPH-
consuming steps in formation of L-Phe. For example,
for the regeneration of L-glutamate as amino donor, one
molecule NADPH +H+ is necessary [60]. Glycerol with
its higher reduction potential could ultimately lead to
improved NADPH +H+ supply, and thus could be of
advantage here when compared to glucose.
Thus, several reports describe the fermentative produc-

tion of fine chemicals based on glycerol with recombinant
E. coli cells [2,31,33,61]. As glycerol metabolism does not
need stoichiometrical amounts of phosphoenolpyruvate
(PEP) for its uptake (but the glucose phosphotransferase
system (PTS) does [9]), it can be expected that especially
the formation of compounds which utilize the building
block PEP (e.g. intermediates from the aromatic amino
acid pathway as shikimic acid or final products as L-Phe)
should be favored [62,63]. Indeed, at the example of shi-
kimate production, an intermediate of the aromatic amino
acid pathway, it had been shown that the theoretical and
experimental carbon recovery is highest with glycerol,
whereas the space-time-yield was higher with glucose [62].
Also for the production of L-Phe, a higher production
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capability was calculated when using glycerol (0.6 mol/6
C atoms) instead of glucose (0.529 mol/6 C atoms) [32].
L-Phe formation requires two molecules of PEP and one
erythrose 4-phosphate (E4P) (see Figure 1) [23]. L-Phe
production with E. coli strains usually is based on glu-
cose as carbon source [10,24-26,36,38-40]. For a recent
example, strain F4/pF81, the precursor strain of FUS4/
pF81 that was used in our investigations, had shown a
carbon recovery of 20-26%. A STY of 1.05 g l−1 h−1 had
been reached under pH-, glucose and L-tyrosine control
in a fed-batch mode (final OD600 in the range between
40 and 50 [25,38]. L-Phe production based on glycerol
has recently been described by several groups with single
glycerol [31,33-35,41,43]. Srinophakun and co-workers
reported a final L-Phe concentration of nearly 35 mg l−1

using an Escherichia coli BL21(DE3) strain which
expressed a recombinant gene for a L-phenylalanine
dehydrogenase from Acinetobacter lwoffii [35]. The group
of Bolivar & Gosset recently showed that even in a wild-
type E. coli strain the utilization of glycerol yielded traces
of aromatic compounds whereas the utilization of glucose
did not result in the production of aromatic com-
pounds [11]. So obviously glycerol can be considered
as a favourable carbon source for the production of
aromatic compounds including L-Phe.
Since the model strain FUS4/pF81 had relatively slow

growth on glycerol, we decided to work with lower cell
densities than described in the work of Rüffer et al. [38].
This allowed better reproducibility and easier handling.
However, a direct comparisons to the optimized control
systems (including fine-tuned L-tyrosine dosage) in fed-
batch bioreactors as shown previously with similar E.
coli strains [38] cannot be done here. Working with the
L-Phe producing strain FUS4/pF81 as model producer
organism, we show here, that in our system the carbon
recovery from glucose was in about the same range as
described earlier [38]. The STY, however, was clearly
lower reaching about 0.13 ± 0.01 g l−1 h−1(Table 2). This
can be at least partially attributed to the lower cell density
used in our investigation.
We could show that in our system with the carbon

sources pure glycerol or crude glycerol, L-Phe production
resulted in a higher carbon recovery than using glucose
(Table 2). Also the STY was significantly higher.
Strain improvements leading to increased L-Phe titers

in E. coli, up to now has mainly done considering the
supply of building blocks as PEP and E4P, and to over-
come existing regulations of the aromatic amino acid
pathway [10,24-27,36,38,64]. While this has led to impres-
sive improvements of L-Phe production from glucose, less
attention has been paid to the pathway engineering for
glycerol. Very recently, knock-out strains based on the
same chassis strain, FUS4, which lack the genes for both
pyruvate kinases (pykA, pykF) have been described [31].
As glycerol catabolism is almost completely blocked in
those pyk-negative strains, PEP provision is augmented
which can be used to provide more building blocks for
L-Phe synthesis. For biomass formation, however, this
requires the feeding of a gluconeogenic C source such
as lactate [31]. The productivity of this strain yielded
22 mgL-phe gCDW

−1 h−1. Deletions of the genes maeA (encod-
ing NAD-dependent malic enzyme) and maeB (encoding
NADP-dependent malic enzyme) have not led to improve-
ments in L-Phe production [43].
Specific steps in the metabolism of glycerol for product

formation have been less discussed. As it had been
reported that the activity of the glycerol kinase is the
limiting step for growth of wildtype E. coli cells on gly-
cerol [4], we assumed that increasing the growth rate
could lead to higher productivity since the working cell
volume would be reached faster. However, we found
that the growth rate of our L-Phe producer strains
(carrying plasmid pF81) was only weakly affected by
the presence and overexpression of an additional glpK or
glpKG232D gene; the formation of L-Phe was even impaired
despite a slightly increased glycerol consumption rate
(Table 2). Thus, additional chromosomal copies of glpK
(both wildtype or feedback-resistant) do not seem to
enhance growth rate and thus may not be limiting for
glycerol dissimilation, at least in our model strain,
FUS4/pF81.
Furthermore, we could show that increasing the oxygen

availability (from 20 to 60%) led to an increased glycerol
consumption and - to a minor extent – also to an in-
creased growth rate, but L-Phe productivity was lower
(see Figure 2a,b, and Table 2). Under conditions of high
pO2, the genes encoding enzymes for the TCA cycle and
the respiratory chain are known to be expressed to a
higher degree than under conditions with low oxygen
availability [65,66]. An increased flux through pyruvate,
the TCA cycle and the aerobic respiratory chain, could
explain the higher glycerol consumption. However, this
would also lead to a drain of PEP which then would be no
longer available for aromatic amino acid biosynthesis. This
in turn would explain the lower L-Phe production. How-
ever, as we found mainly lactate and (to a smaller amount)
acetate under high pO2 conditions, the TCA cycle/respira-
tory chain is unlikely to be the competitor as there is
apparently enough of pyruvate to be shunted to lactate
and acetate formation. Rather, an imbalance in the cellular
metabolism has to be taken into account. Appearance of
lactate under aerobic conditions could reflect an excess of
reducing equivalents in the cell which cannot be disposed
of by oxidative respiration [50,67]. As glycerol is in a more
reduced state than glucose, a surplus of electrons stem-
ming from glycerol metabolism has to be handled. These
reducing equivalents can be funnelled into the electron
transport chain (ETC, with oxygen as final acceptor), e.g.
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via the membrane-bound G3P dehydrogenase GlpD [5].
As reducing equivalents in form of NADH are also gained
through action of Ga3P dehydrogenase, reoxidation
through the ETC. might get rate-limiting in the cell, and
alternative endogenous electron acceptors as pyruvate
could be used (to deliver lactate and NAD+). In conclu-
sion, L-Phe production from glycerol under high oxygen
conditions is impaired whereas growth rate is hardly
affected.
E. coli cells growing on glycerol have to divert a portion

of this carbon source to gluconeogenesis and to the PPP;
this flux has been discussed to be insufficient [18]. While
the aldolase reaction on DHAP and Ga3P is reversible
and forms F1,6BP, an irreversible phosphatase reaction
is necessary to form F6P, the precursor for glucose 6-
phosphate or PPP metabolites [19-21]. In E. coli there
are two enzymes that convert F1,6BP to F6P: FBPase I
(Fbp, encoded by fbp gene) [19,20] and FBPase II (gene
glpX) [21]. Fbp is tightly regulated by opposing effectors.
Known activators are 3-phosphoglycerate, PEP, citrate,
cis-aconitate, isocitrate, oxaloacetate, and α-ketoglutarate
[68,69] whereas G6P and AMP are inhibitors with Ki-
values of about 40 μM and 3–8 μM, respectively [69]. On
the other side, GlpX is inhibited by ADP and to a lesser
extent by fructose-1-phosphate and ATP. While AMP has
no influence, PEP activates the enzyme [21].
The doubled gene copy number and overexpression of

glpX alone had only slightly positive effects on L-Phe
production. While the growth rate increased only to a
small extent, L-Phe productivity was increased by 10-20%.
The positive effect of an extra chromosomal copy of glpX
on growth and L-Phe production supports the idea that
the flux to the PPP is one limiting step which can be over-
come by a second gene copy. Marr [18] discussed the G6P
supply to be limiting when E. coli is growing on glycerol.
Our results point to a limiting supply of PPP intermedi-
ates such as E4P, especially for the production of aromatic
amino acids as L-Phe. For E. coli growing on glucose as
C source, the positive effect of extra copies (either
chromosomal or plasmid-borne) of tktA on production
of DAHP, shikimic acid, or L-Phe are well documented
[24-26,64]. STY of 3-deoxy-D-arabinoheptulosonate 7-
phosphate (DAHP) on glycerol as sole C source was
slightly enhanced (2.75 mmolC DAHP gDCW

−1 h−1)
over glucose (2.44 mmolC DAHP gDCW

−1 h−1) when a
glucose-positive evolvant of a Pts-deficient E. coli
mutant (strain PB12 aroB-/pRW300aroGfbr) with a
plasmid-borne tktA gene was used [58]. The total
yield of DAHP (Y mmol C/DAHP mmolC C source),
however, was less (0.25 compared to 0.52). Likewise, for-
mation of 3-dehydroshikimic acid (DHS) and shikimate
in the corresponding aroB+-strain was increased when
grown on glycerol in comparison to glucose. However,
these authors did not present data without increased
tktA gene copy to allow a comparison with the wild type
state [58].
We thus also examined whether an additional chromo-

somal copy of tktA would be beneficial to further increase
E4P availability and therefrom L-Phe formation when E.
coli cells grow on glycerol. The extra copy of tktA alone
also resulted in slight improvements of carbon recovery
and STY of L-Phe from glycerol. Again, the growth rate
was slightly increased which we take as evidence that a
limitation of the carbon flux towards the PPP exists when
cells grow with glycerol as C source. Interestingly, the
combination of both additional genes (glpX, tktA) gave
a combined improvement in L-Phe productivity while
the growth rate of this strain, FUS4.7/pF81, was lowest
in comparison to the other strains. STY was highest,
reaching 0.37 ± 0.01 g l−1 h−1, which is an increase of
about 80% over the parent strain, FUS4/pF81. Thus the
two genes, glpX and tktA, have a combined positive effect
on product formation, presumably as the supply of both
precursors of L-Phe, PEP and E4P, is more balanced. With
regard to L-Phe productivity, the extra copy of glpK gene
is of low impact, whereas the improved carbon flux to-
wards the PPP appears to be more important.
Altering the C source (here substituting glucose by

glycerol) of a producer strain should take into account
that the cells have to readjust their pathways of anabolism
(predominantly biomass formation) and catabolism (pre-
dominantly energy production). In the case of E. coli
glycerol metabolism, the steps leading to the PPP from
glycerol appear to be suboptimal as single gene additions
(glpX, tktA) improve the growth rate on glycerol. Interest-
ingly, glpX is the distal gene in the glpFKX operon [54].
Although this should lead to the concomitant induction of
GlpX activity with the induction of glycerol facilitator and
glycerol kinase activities, the total cellular fructose-1,6-
bisphosphatase activity seems to be suboptimal with re-
gard to growth rate on glycerol as carbon source.
The results shown here may contribute to a better un-

derstanding of E. coli product formation on the alternative
C source, glycerol. We like to emphasize that the chromo-
somal alterations shown herein are thought to avoid meta-
bolic burden for the cells as we only increase the gene
copy number by one. Further incremental increases are
possible when desired. Our strains thus can be further
modified without having to re-engineer plasmids every
time that a new positive effect of a given gene is found.
Work is underway to find further limiting steps in the
utilization of glycerol as alternative carbon source for E.
coli [31,43].

Conclusions
Glycerol is a valuable carbon source that is readily taken
for the production of the aromatic amino acid, L-Phe,
by E. coli and crude glycerol from biodiesel plants can
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likewise be used. Extra copies of glpK (glycerol kinase) or
glpKG232D (encoding a fructose bisphosphate-resistant en-
zyme) did not improve productivity for L-Phe.
L-Phe productivity is however enhanced significantly by

increasing gene copy number of glpX (encoding a gluco-
neogenic fructosebisphosphatase) or tktA (encoding trans-
ketolase from the PPP). Both genes were chromosomally
integrated. Growth rates on glycerol, however, were not
significantly enhanced. A combination of glpX and tktA
gave best L-Phe productivities.

Materials and methods
Chemicals, enzymes, molecular biology
F1,6BP and Antifoam (polypropylene glycol P 2000) were
from Sigma-Aldrich Chemie GmbH (Munich, Germany),
IPTG was from PEQLAB Biotechnologie GmbH (Erlangen,
Germany), Bradford solution was from Biorad and sodium
dodecyl sulfate from SERVA Electrophoresis GmbH
(Heidelberg, Germany). All other chemical were either
from Carl Roth GmbH (Karlsruhe, Germany), Fluka
(Taufkirchen, Germany), or Merck KGaA (Darmstadt,
Germany) and were of the highest available purity. The
crude glycerol was delivered from a biodiesel producer
(ADM Hamburg, Germany) and contained 83.20% glycerol,
10.4% water, 6.4% NaCl, with less than 0.01% methanol,
and no detectable traces of other organic compounds
(according to supplier’s data sheet). All restriction en-
zymes used were from New England Biolabs (Frankfurt,
Germany). The Pwo DNA Polymerase for gene amplifi-
cation was from Roche Applied Science (Mannheim,
Germany), Taq DNA polymerase used for screening-PCR
was from Genaxxon Bioscience GmbH (Ulm, Germany).

Strains and plasmids
All E. coli strains and plasmids used in this study are
listed and described in Table 1, oligonucleotides are pre-
sented in Table 4.
Standard molecular biology methods were used [70].

The vectors used for cloning were based on pJF119EH
[47]. The PCR amplified genes were inserted in EcoRI/
HindIII sites. To generate the protein variant (mutein)
GlpKG232D [48], the plasmid pKUS3 was mutagenized
using the QuikChange-Site-Directed Mutagenesis Kit
(Agilent Technologies, Germany) with the primer pair
glpKG232D-for and glpKG232D-rev (Table 4). The
DpnI-treated PCR product was transformed into XL1Blue
cells (Stratagene, La Jolla, USA) (Table 1). Plasmid DNA
of several clones was isolated with the NucleoSpin Kit
(Macherey +Nagel, Düren, Germany). The correct nucleo-
tide sequences of plasmid clones were verified by custom
sequencing (GATC Biotech, Konstanz, Germany).
Recombineering methods were used for chromosomal

disruption [45]. Site-specific integration of genes into the
chromosome (knock-in by knock-out) of strain BW25113
have been described previously [51]. Knock-in mutants
were selected on LB agar plates with chloramphenicol
(Cm; 25 μg ml−1). Cm-resistant colonies were tested
for correct location by PCR with appropriate primers
(Table 4). Chromosomal modifications were first conducted
in derivatives of strain BW25113 and then transferred
by P1-mediated transductions into the FUS4 background
[52,53]. Strain constructs are listed and described in
Table 1.

Growth media
For L-Phe production, strains were grown aerobically
(shake flasks cultures) in minimal medium (MM) at 37°C.
MM consisted of: 3 g l−1 KH2PO4, 12 g l−1 K2HPO4, 5 g l−1

(NH4)2SO4, 0.3 g l−1 MgSO4*7H2O, 0.015 g l−1

CaCl2*2H2O, 0.1 g l−1 NaCl, 0,1125 g l−1 FeSO4*7H2O/
sodium citrate, 0.0075 g l−1 thiamine, 5 g l−1 glucose
(the concentration of glycerol was adjusted according
to mmolC l−1 with glucose), 0.02 g l−1 L-tyrosine,
0.02 g l−1 L-Phe (modified after [71]). The pH was ad-
justed to 7.0 by the addition of H3PO4. LB (Luria Bertani)-
medium consisted of (per liter) 10 g tryptone, 5 g yeast ex-
tract, and 10 g NaCl [70]. For maintenance of plasmid
pF81, the medium was supplemented with ampicillin. An-
tibiotics were used at the following final concentrations:
ampicillin 100 μg ml−1, kanamycin 50 μg ml−1, and chlor-
amphenicol 25 μg ml−1.

Preparation of cell-free extracts and enzyme assays
Fructose bisphosphatase (FBPase) activity
DH5α cells were transformed with the plasmid pKUS13,
as a negative control vector pJF119EH was used. A single
colony each was picked and inoculated in 5 ml LB medium
with ampicillin. After overnight incubation on a rotary
shaker at 37°C, 500 μl of the cultures were inoculated in
25 ml LB-medium with ampicillin and incubated on a ro-
tary shaker at 37°C. After reaching OD600 = 0.5, enzyme
formation was induced by addition of 0.5 mM IPTG (final
concentration) and cells were further grown for 3 hours at
37°C. After harvesting the bacteria by centrifugation
(10 min, 5000 rpm at 4°C), cells were resuspended in
2 ml TEA (triethanolamine)-buffer (82 mM, pH 7.6).
Cells were disrupted by French press treatment, followed
by ultrasonic treatment to disrupt chromosomal DNA
(30 sec, 1 cycle, Bandelin Sonopuls HD 200, 200 W,
20 kHz (BANDELIN electronic GmbH & Co., Berlin,
Germany) with constant cooling on ice. Cell debris was re-
moved by centrifugation (30 min, 14000 rpm, 4°C) and
the resulting cell-free extracts were immediately used. To
measure FBPase activity from strains with chromosomally
integrated glpX, cells were grown for 6 hours in 250 ml
shaking flasks (filled with 25 ml LB) and IPTG was added
from the start at a concentration of 0.5 mM. Cell disrup-
tion occurred as described above. Protein concentration



Table 4 Oligonucleotides used in this study

Name Sequence

malE-integr 5′-AAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCT ATAACGGTCTCGCTGTCAAGGCGCACTCCCGTTCTGG-3′

malG-integr 5′-GATCGGTAATGCAGACATCACGGCAGCGGCGGCAAAGTC ACCCCACAGGTAGTTTTCAGGGTTATTGTCTCATGAGCG-3′

rbsD-integr 5′-ACCGTTCTTAATTCTGATATTTCATCGGTGATCTCCCGTCT GGGACATACCGATATCAAGGCGCACTCCCGTTCTGG-3′

rbsK-integr 5′-ATTCACGCTAGCCCATACACCACGACTTCCTAAAGTAATC AGTACAGTACGGATACCCAGGGTTATTGTCTCATGAGCG-3′

malK-screen 5′-GCTTTCGTTACATTTTGCAGCTGTACG-3′

cat-control 5′-CCGTCACAGGTAGGCGCGCC-3′

glpX-for (NdeI) 5′-TTTTCATATGAGACGAGAACTTGCCATCGAATTTTCC-3′

glpX-rev (HindIII) 5′-TTTTAAGCTTCAATCAGAGGATGTGCACCTGCATTTCC-3′

glpK_for (NdeI) 5′-GCTGTCATATGACTACGGGACAATTAAACATG-3′

glpK_rev (HindIII) 5′-CCGGATGCGGCATAAAAGCTTCATTCGGC-3′

glpKG232D-for 5′-GTATACGGTCAGACTAATATTGGCGACAAAGGCGGCAC-3′

glpKG232D-rev 5′-GTGCCGCCTTTGTCGCCAATATTAGTCTGACCGTATAC-3′

Sequence homologous to chromosomal integration location is shown in italics, bold letters indicate engineered restriction sites.
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was measured using the Bradford method [72]. The en-
zymatic activity was measured following the increase
in phosphate concentration liberated from the substrate,
F1,6BP [55,73]. Assay conditions were as follows: 20 mM
Tricine (pH 7.7), 50 mMKCl, 1 mMMnCl2, 1.5 mM F1,6BP,
100 μg of protein (present in the cell-free extract). Incuba-
tion was for 20 minutes at room temperature, aliquots of
50 μl were taken every 5 minutes and mixed with 800 μl
of a solution consisting of 3 parts of a 0.045% malachite
green solution and one part of a 4.2% ammonium molyb-
date in 4 N HCl. After 20 minutes the reaction was
stopped by addition of 100 μl of sodium citrate solution
(34%). The absorbance was read at 660 nm in a photom-
eter [55,73]. One unit (U) of specific enzyme activity is de-
fined as the amount of enzyme required to release 1 μmol
phosphate per minute per milligram of protein. Each
measurement was performed in duplicate.

Glycerol kinase
Activity was measured in the crude extract. The various
constructs were expressed in DH5α cells carrying the re-
spective expression plasmids (wildtype variant, pKUS3
or the mutant variant, pKUS3-1). A single colony each
was picked and inoculated in 5 ml LB-medium with
ampicillin. After overnight incubation on a rotary shaker
at 37°C 500 μl of the cell suspension was inoculated in
25 ml LB-medium with ampicillin and incubated on a
rotary shaker at 37°C. After reaching OD600 = 0.5, 0.5 mM
IPTG (final concentration) was added for induction, and
cells were grown for 3 hours at 37°C. Cell disruption was
done as described above. Protein concentration was
measured using the Bradford method [72]. Glycerol
kinase activity was measured using a glycerol assay kit
(R-biopharm, Darmstadt, Germany), but using our crude
extract instead of the standard kinase. The principle of the
test was the following: Glycerol and ATP is converted by
glycerol kinase to G3P and ADP followed by the conver-
sion of ADP and PEP to ATP and pyruvate. In a last step
L-lactate dehydrogenase converted Pyruvate and NADH
to L-lactate and NAD+. The decrease in NADH was
followed spectrophotometrically at 340 nm. The test
was performed in duplicate following the manual in-
structions except that incubation was at 30°C to ensure
constant conditions for all reactions. When F1,6BP was
added as inhibitor of glycerol kinase, the reaction mixture
was incubated for 5 minutes to ensure that the inhibitor
could bind to its target site.
Overproduction of the appropriate gene products was

checked by SDS gel electrophoresis [74].

Batch and fed-batch growth experiments
Prior to use, the recipient strains (stored as glycerol stocks
at −80°C) were streaked onto LB-agar plates and incu-
bated overnight at 37°C. The cells were then transformed
with plasmid pF81 and selected on LB agar plates supple-
mented with ampicillin. A single colony was picked and
adapted to growth on MM on MM agar plates for 3 days
at 30°C. For batch growth experiments in shaking flasks
the preculture was grown in MM at 37°C in a volume of
5 ml. 25 ml MM (0.5% glycerol) in a 250 ml shaking flask
was inoculated with the overnight culture to a starting
OD600 = 0.1. When OD600 = 0.5 was reached IPTG was
added (final concentration of 0.25 mM).
For fed-batch growth experiments, the preculture was

grown at 37°C in a volume of 100 ml in a 1 l shaking flask
using the same medium as for the fermentation. A bench-
top bioreactor system (Labfors®, Infors AG, Suisse), with
1.5 l working volume and a total volume of 3.6 l, was used
for all fed-batch experiments. Working conditions were:
pH 7.0 (controlled by addition of 5 N KOH, 5 N H3PO4),
37°C, 60% oxygen saturation at ambient pressure (start-
ing with pO2 = 100% at 200 rpm, when reaching 60%
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automatically controlled by stirring rate). Cultures were
initiated from an exponential phase preculture at an
OD600 of 0.05. After OD600 = 2.5 had been reached,
IPTG was added to 0.1 mM final concentration. At
OD600 = 10 the concentration of IPTG was augmented
to a final concentration of 0.3 mM. L-Tyrosine was used
for the control of biomass formation and was added to
the medium until OD600 = 14–16 was reached (stock
solution: 4 mg ml−1, sterile filtered). Initial glycerol
concentration was 5 g l−1 and the glycerol concentration
was thereafter kept between 3–6 g l−1 (stock solution: 50%
(w/v), autoclaved). When necessary, ammonium sulphate
(stock solution: 200 g l−1, autoclaved) was added as nitro-
gen source. Antifoam (polypropylene glycol P 2000, auto-
claved) was added as required. All fermentations were
performed two times independently. The space-time-yield
(STY) was calculated for time periods of at least 10 hours.

Analytical methods
Cell growth during the cultivations was monitored
photometrically by following changes in OD600 of appro-
priate dilutions in MM (Cary 50 Bio, Varian). Glycerol
concentration was measured using an enzymatic kit
(R-biopharm, Darmstadt Germany). Lactate and acet-
ate concentration was determined by HPLC analyses,
performed on a Waters HPLC instrument (Milford, USA).
The column was a Resex ROA organic acid, 300 ×
7.8 mm, 8 μm, with a precolumn made of the same ma-
terial (Phenomenex, Aschaffenburg, Germany). 5 mM
H2SO4 was used as mobile phase with a flow rate of
0.5 ml min−1. Absorption was detected at 210 nm. For
data analysis, the software Millenium32 Version 3.05.01
was used. L-Phe and L-tyrosine were determined with
an HPLC system from Dionex (Germering, Germany)
equipped with Chromeleon Software, Gina autosampler,
P580 pumps, and a diode array detector. The column
was a RP18 Lichrospher100, 250 × 4.6 mm, 5 μm
(Merck, Darmstadt, Germany) with a precolumn of the
same material. A flow rate of 1 ml min−1 was used. The
mobile phase consisted of solvent A (water containing
0.1% (v/v) trifluoroacetic acid) and solvent B (aceto-
nitrile containing 0.1% (v/v) trifluoroacetic acid). A total
of 20 μl diluted sample was analyzed under gradient
conditions. Equilibration conditions: 10 min 100% solvent
A. 0–5 min 100% solvent A/0% solvent B, 5–30 min linear
gradient to 70% solvent A/30% solvent B, 30–39 min lin-
ear gradient to 0% solvent A/100% solvent B, 39–46 min
0% solvent A/100% solvent B.
Additional file

Additional file 1: Growth of strains BW25113, BW25113 ΔtktA, and
BW25113 ΔtktA gal::tktA-cat on LB-medium + 0.25% SDS.
Abbreviations
AMP: Adenosine monophosphate; ADP: Adenosine diphosphate; ATP: Adenosine
triphosphate; Cm: Chloramphenicol; DAHP: 3-Deoxy-D-arabinoheptulosonate
7-phosphate; DHAP: Dihydroxyacetone phosphate; DHS: 3-Dehydroshikimic acid;
EIIAGlc: Enzyme IIAGlc; E4P: Erythrose-4-phosphate; ETC: Electron transport
chain; F1,6BP: Fructose-1,6-bisphosphate; F6P: Fructose-6-phosphate;
FBPase: Fructose-1,6-bisphosphatase; G3P: Glycerol-3-phosphate;
G6P: Glucose-6-phosphate; Ga3P: Glyceraldehyde-3-phosphate;
Glc: Glucose; Gly: Glycerol; IPTG: Isopropyl β-D-1-thiogalactopyranoside;
L-Phe: L-phenylalanine; MM: Minimal medium; NADH: Nicotinamide
adenine dinucleotide; NADP: Nicotinamide adenine dinucleotide
phosphate; Ni-NTA: Nitrilotriacetic acid; PEP: Phosphoenolpyruvate;
PPP: Pentose phosphate pathway; PTS: Phosphotransferase system;
SDS: Sodium dodecyl sulfate; STY: Space-time-yield; TCA: Tricarboxylic
acid cycle; UQ8: Ubiquinone-8; X5P: Xylulose-5-phosphate.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
KG, CA, and GAS planned the experiments. KG performed most of the
experiments and did data analysis. KG and GAS wrote the manuscript.
All authors have read the manuscript and agreed on its final form.

Acknowledgements
We thank Nathalie Trachtmann for several strain and plasmid constructions,
Ursula Degner (Research Center Jülich, Germany) for help with construction
of plasmids pCO1catFRT and pCO1kanFRT, and Johannes Bongaerts for
construction of strain F144. We thank ADM Hamburg for the generous gift of
crude glycerol samples from their biodiesel production plant. Katrin Gottlieb
received a stipend from the Deutsche Bundesstiftung Umwelt (AZ 20006/881).
Dedicated to the memory of Dr. ECC Lin, a pioneer in the investigation of
E. coli glycerol metabolism who passed away in March 2006.

Received: 26 March 2014 Accepted: 24 June 2014
Published: 11 July 2014

References
1. Almeida JRM, Fávaro LCL, Quirino BF: Biodiesel biorefinery: opportunities

and challenges for microbial production of fuels and chemicals from
glycerol waste. Biotechnol Biofuels 2012, 5:48.

2. Wendisch VF, Meiswinkel T, Lindner S: Use of glycerol in biotechnological
applications. In Biodiesel - Quality, Emissions and By-Products. Edited by
Gisela M, Margarita S. Rijeka, Croatia: In Tech - Open Access Publisher;
2011:305–340.

3. Heller KB, Lin ECC, Wilson TH: Substrate specificity and transport
properties of the glycerol facilitator of Escherichia coli. J Bacteriol 1980,
144:274–278.

4. Zwaig N, Kistler WS, Lin ECC: Glycerol kinase, the pacemaker for the
dissimilation of glycerol in Escherichia coli. J Bacteriol 1970, 102:753–759.

5. Weiner JH, Heppel LA: Purification of the membrane-bound and pyridine
nucleotide-independent L-glycerol 3-phosphate dehydrogenase from
Escherichia coli. Biochem Biophys Res Commun 1972, 47:1360–1365.

6. Yeh JI, Chinte U, Du S: Structure of glycerol-3-phosphate dehydrogenase,
an essential monotopic membrane enzyme involved in respiration and
metabolism. Proc Natl Acad Sci U S A 2008, 105:3280–3285.

7. Andersen KB, von Meyenburg K: Are growth rates of Escherichia coli in
batch cultures limited by respiration? J Bacteriol 1980, 144:114–123.

8. Soetaert W, Vandamme E: The impact of industrial biotechnology.
Biotechnol J 2006, 1:756–769.

9. Postma PW, Lengeler JW, Jacobson GR: Phosphoenolpyruvate:
carbohydrate phosphotransferase systems of bacteria. Microbiol Rev
1993, 57:543–594.

10. Gosset G: Improvement of Escherichia coli production strains by
modification of the phosphoenolpyruvate:sugar phosphotransferase
system. Microb Cell Fact 2005, 4:14.

11. Martínez-Gómez K, Flores N, Castañeda HM, Martínez-Batallar G,
Hernández-Chávez G, Ramírez OT, Gosset G, Encarnación S, Bolivar F:
New insights into Escherichia coli metabolism: carbon scavenging,
acetate metabolism and carbon recycling responses during growth
on glycerol. Microb Cell Fact 2012, 11:46.

http://www.biomedcentral.com/content/supplementary/12934_2014_96_MOESM1_ESM.pdf


Gottlieb et al. Microbial Cell Factories 2014, 13:96 Page 15 of 16
http://www.microbialcellfactories.com/content/13/1/96
12. Neidhardt FC, Ingraham JL, Schaechter M: Physiology of the Bacterial Cell: A
Molecular Approach. Sunderland, Mass: Sinauer Associates; 1990.

13. Ibarra RU, Edwards JS, Palsson BO: Escherichia coli K-12 undergoes adaptive
evolution to achieve in silico predicted optimal growth. Nature 2002,
420:186–189.

14. Lin ECC: Glycerol dissimilation and its regulation in bacteria. Annu Rev
Microbiol 1976, 30:535–578.

15. Berman M, Lin ECC: Glycerol-specific revertants of a phosphoenolpyruvate
phosphotransferase mutant: suppression by the desensitization of glycerol
kinase to feedback inhibition. J Bacteriol 1971, 105:113–120.

16. Holtman CK, Pawlyk AC, Meadow ND, Pettigrew DW: Reverse genetics of
Escherichia coli glycerol kinase allosteric regulation and glucose control
of glycerol utilization in vivo. J Bacteriol 2001, 183:3336–3344.

17. Lin ECC: Dissimilatory pathways for sugars, polyols, and carboxylates. In
Escherichia coli and Salmonella. 2nd edition. Edited by Neidhardt FC.
Washington, D.C: ASM Press; 1996:307–342.

18. Marr AG: Growth rate of Escherichia coli. Microbiol Rev 1991, 55:316–333.
19. Fraenkel DG, Horecker BL: Fructose-1, 6-diphosphatase and acid hexose

phosphatase of Escherichia coli. J Bacteriol 1965, 90:837–842.
20. Sedivy JM, Daldal F, Fraenkel DG: Fructose bisphosphatase of Escherichia

coli: cloning of the structural gene (fbp) and preparation of a
chromosomal deletion. J Bacteriol 1984, 158:1048–1053.

21. Donahue JL, Bownas JL, Niehaus WG, Larson TJ: Purification and
characterization of glpX-encoded fructose 1, 6-bisphosphatase, a new
enzyme of the glycerol 3-phosphate regulon of Escherichia coli. J
Bacteriol 2000, 182:5624–5627.

22. Taymaz-Nikerel H, Borujeni AE, Verheijen PJT, Heijnen JJ, van Gulik WM:
Genome-derived minimal metabolic models for Escherichia coli MG1655
with estimated in vivo respiratory ATP stoichiometry. Biotechnol Bioeng
2010, 107:369–381.

23. Pittard JA: Biosynthesis of the aromatic amino acids. I. In Escherichia coli
and Salmonella. 2nd edition. Edited by Neidhardt FC. Washington, D.C: ASM
Press; 1996:458–484.

24. Sprenger GA: Aromatic Amino Acids. In Amino Acid Biosynthesis ~ Pathways,
Regulation and Metabolic Engineering. Edited by Wendisch VF. Berlin, Heidelberg:
Springer Berlin Heidelberg; 2007:93–127 [Microbiology Monographs].

25. Sprenger GA: From scratch to value: engineering Escherichia coli wild
type cells to the production of L-phenylalanine and other fine chemicals
derived from chorismate. Appl Microbiol Biotechnol 2007, 75:739–749.

26. Draths KM, Frost JW: Synthesis using plasmid-based biocatalysis: plasmid
assembly and 3-deoxy-D-arabino-heptulosonate production. J Am Chem
Soc 1990, 112:1657–1659.

27. Sprenger G, Siewe R, Sahm H, Karutz M, Sonke T: Microbial Preparation of
Substances from Aromatic Metabolism/I US Patent 09/298,843. ; 1998.

28. Sprenger GA: Genetics of pentose-phosphate pathway enzymes of
Escherichia coli K-12. Arch Microbiol 1995, 164:324–330.

29. Sprenger GA, Schörken U, Sprenger G, Sahm H: Transketolase A of
Escherichia coli K12. Purification and properties of the enzyme from
recombinant strains. Eur J Biochem 1995, 230:525–532.

30. Rui D, Yonghua A: Development of L-phenylalanine in China. China Chem
Rep 2011, 22:19–20.

31. Weiner M, Albermann C, Gottlieb K, Sprenger GA, Weuster-Botz D: Fed-batch
production of l-phenylalanine from glycerol and ammonia with recombinant
Escherichia coli. Biochem Eng J 2014, 83:62–69.

32. Varma A, Boesch BW, Palsson BO: Biochemical production capabilities of
Escherichia coli. Biotechnol Bioeng 1993, 42:59–73.

33. Khamduang M, Packdibamrung K, Chutmanop J, Chisti Y, Srinophakun P:
Production of L-phenylalanine from glycerol by a recombinant
Escherichia coli. J Ind Microbiol Biotechnol 2009, 36:1267–1274.

34. Thongchuang M, Pongsawasdi P, Chisti Y, Packdibamrung K: Design of a
recombinant Escherichia coli for producing L-phenylalanine from gly-
cerol. World J Microbiol Biotechnol 2012, 28:2937–2943.

35. Srinophakun P, Reakasame S, Khamduang M, Packdibamrung K, Thanapi A:
Potential of L-phenylalanine production from raw glycerol of palm
biodiesel process by a recombinant Escherichia coli. Chiang Mai J Science
2012, 39:59–68.

36. Gosset G: Production of aromatic compounds in bacteria. Curr Opin
Biotechnol 2009, 20:651–658.

37. Zeppenfeld T, Larisch C, Lengeler JW, Jahreis K: Glucose transporter mutants
of Escherichia coli K-12 with changes in substrate recognition of IICB(Glc)
and induction behavior of the ptsG gene. J Bacteriol 2000, 182:4443–4452.
38. Rüffer N, Heidersdorf U, Kretzers I, Sprenger GA, Raeven L, Takors R: Fully
integrated L-phenylalanine separation and concentration using
reactive-extraction with liquid-liquid centrifuges in a fed-batch
process with E. coli. Bioprocess Biosyst Eng 2004, 26:239–248.

39. Gerigk M, Bujnicki R, Ganpo-Nkwenkwa E, Bongaerts J, Sprenger G, Takors R:
Process control for enhanced L-phenylalanine production using different
recombinant Escherichia coli strains. Biotechnol Bioeng 2002, 80:746–754.

40. Gerigk MR, Maass D, Kreutzer A, Sprenger G, Bongaerts J, Wubbolts M,
Takors R: Enhanced pilot-scale fed-batch L-phenylalanine production with
recombinant Escherichia coli by fully integrated reactive extraction.
Bioprocess Biosyst Eng 2002, 25:43–52.

41. Gottlieb K: Nutzung von Glycerin und Rohglycerin als C-Quelle für die
Produktion von L-Phenylalanin mit rekombinanten Escherichia
coli-Stämmen. In PhD Thesis. Stuttgart, Germany: Universität Stuttgart,
Institut für Mikrobiologie; 2011.

42. Rodrigues AL, Trachtmann N, Becker J, Lohanatha AF, Blotenberg J, Bolten
CJ, Korneli C, de Souza L, André O, Porto LM, Sprenger GA, Wittmann C:
Systems metabolic engineering of Escherichia coli for production of the
antitumor drugs violacein and deoxyviolacein. Metab Eng 2013, 20:29–41.

43. Weiner M, Tröndle J, Albermann C, Sprenger GA, Weuster-Botz D: Improvement
of constraint-based flux estimation during L-phenylalanine production with
Escherichia coli using targeted knock-out mutants. Biotechnol Bioeng 2014,
111:1406–1416.

44. Bachmann BJ: Pedigrees of some mutant strains of Escherichia coli K-12.
Bacteriol Rev 1972, 36:525–557.

45. Datsenko KA, Wanner BL: One-step inactivation of chromosomal genes in
Escherichia coli K-12 using PCR products. Proc Natl Acad Sci U S A 2000,
97:6640–6645.

46. Cherepanov PP, Wackernagel W: Gene disruption in Escherichia coli: TcR
and KmR cassettes with the option of Flp-catalyzed excision of the
antibiotic-resistance determinant. Gene 1995, 158:9–14.

47. Furste JP, Pansegrau W, Frank R, Blocker H, Scholz P, Bagdasarian M, Lanka E:
Molecular cloning of the plasmid RP4 primase region in a multi-host-range
tacP expression vector. Gene 1986, 48:119–131.

48. Honisch C: High-throughput mutation detection underlying adaptive
evolution of Escherichia coli-K12. Genome Res 2004, 14:2495–2502.

49. Anderson MJ, DeLaBarre B, Raghunathan A, Palsson BO, Brunger AT, Quake
SR: Crystal structure of a hyperactive Escherichia coli glycerol kinase
mutant Gly230→ Asp obtained using microfluidic crystallization devices.
Biochemistry 2007, 46:5722–5731.

50. El-Mansi M: Flux to acetate and lactate excretions in industrial
fermentations: physiological and biochemical implications. J Ind Microbiol
Biotechnol 2004, 31:295–300.

51. Albermann C, Trachtmann N, Sprenger GA: A simple and reliable method
to conduct and monitor expression cassette integration into the
Escherichia coli chromosome. Biotechnol J 2010, 5:32–38.

52. Lennox ES: Transduction of linked genetic characters of the host by
bacteriophage P1. Virology 1955, 1:190–206.

53. Thierauf A, Perez G, Maloy AS: Generalized transduction. Methods Mol Biol
2009, 501:267–286.

54. Truniger V, Boos W, Sweet G: Molecular analysis of the glpFKX regions of
Escherichia coli and Shigella flexneri. J Bacteriol 1992, 174:6981–6991.

55. Col B: Regulation of Fructose 1,6-bisphosphatase II (GlpX) Gene
Expression in Escherichia coli. In PhD Thesis. Blacksburg, VA, USA: Virginia
Polytechnic Institute State University; 2004.

56. Iida A, Teshiba S, Mizobuchi K: Identification and characterization of the
tktB gene encoding a second transketolase in Escherichia coli K-12.
J Bacteriol 1993, 175:5375–5383.

57. Eidels L, Osborn MJ: Lipopolysaccharide and aldoheptose biosynthesis in
transketolase mutants of Salmonella typhimurium. Proc Natl Acad Sci U S A
1971, 68:1673–1677.

58. Martínez K, de Anda R, Hernández G, Escalante A, Gosset G, Ramírez OT,
Bolívar FG: Coutilization of glucose and glycerol enhances the production
of aromatic compounds in an Escherichia coli strain lacking the
phosphoenolpyruvate: carbohydrate phosphotransferase system. Microb
Cell Fact 2008, 7:1.

59. Yazdani SS, Gonzalez R: Anaerobic fermentation of glycerol: a path to
economic viability for the biofuels industry. Curr Opin Biotechnol 2007,
18:213–219.

60. Sakamoto N, Kotre AM, Savageau MA: Glutamate dehydrogenase from
Escherichia coli: purification and properties. J Bacteriol 1975, 124:775–783.



Gottlieb et al. Microbial Cell Factories 2014, 13:96 Page 16 of 16
http://www.microbialcellfactories.com/content/13/1/96
61. Khanna S, Goyal A, Moholkar VS: Microbial conversion of glycerol: present
status and future prospects. Crit Rev Biotechnol 2012, 32:235–262.

62. Ahn JO, Lee HW, Saha R, Park MS, Jung J, Lee D: Exploring the effects of
carbon sources on the metabolic capacity for shikimic acid production
in Escherichia coli using in silico metabolic predictions. J Microbiol
Biotechnol 2008, 18:1773–1784.

63. Chen K, Dou J, Tang S, Yang Y, Wang H, Fang H, Zhou C: Deletion of the
aroK gene is essential for high shikimic acid accumulation through the
shikimate pathway in E. coli. Bioresour Technol 2012, 119:141–147.

64. Ikeda M: Towards bacterial strains overproducing L-tryptophan and other
aromatics by metabolic engineering. Appl Microbiol Biotechnol 2006,
69:615–626.

65. Iuchi S, Lin ECC: arcA (dye), a global regulatory gene in Escherichia coli
mediating repression of enzymes in aerobic pathways. Proc Natl Acad Sci
U S A 1988, 85:1888–1892.

66. Iuchi S, Weiner L: Cellular and molecular physiology of Escherichia coli in
the adaptation to aerobic environments. J Biochem 1996, 120:1055–1063.

67. Berríos-Rivera SJ, Sánchez AM, Bennett GN, San K: Effect of different levels
of NADH availability on metabolite distribution in Escherichia coli
fermentation in minimal and complex media. Appl Microbiol Biotechnol
2004, 65:426–432.

68. Hines JK, Fromm HJ, Honzatko RB: Novel allosteric activation site in
Escherichia coli fructose-1,6-bisphosphatase. J Biol Chem 2006,
281:18386–18393.

69. Hines JK, Kruesel CE, Fromm HJ, Honzatko RB: Structure of inhibited
fructose-1,6-bisphosphatase from Escherichia coli: distinct allosteric
inhibition sites for AMP and glucose 6-phosphate and the
characterization of a gluconeogenic switch. J Biol Chem 2007,
282:24697–24706.

70. Sambrook J, Fritsch EF, Maniatis T: Molecular Cloning: A Laboratory Manual.
2nd edition. Cold Spring Harbor, N.Y: Cold Spring Harbor Laboratory; 1989.

71. Gerhardt P: Methods for General and Molecular Bacteriology. Washington, D.C:
American Society for Microbiology; 1994.

72. Bradford MM: A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 1976, 72:248–254.

73. Altmann HJ, Fürstenau E, Gielewski A, Scholz L: Photometrische
Bestimmung kleiner Phosphatmengen mit Malachitgrün. Z Anal Chem
1971, 256:274–276.

74. Laemmli UK: Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 1970, 227:680–685.

doi:10.1186/s12934-014-0096-1
Cite this article as: Gottlieb et al.: Improvement of L-phenylalanine
production from glycerol by recombinant Escherichia coli strains: The
role of extra copies of glpK, glpX, and tktA genes. Microbial Cell Factories
2014 13:96.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Production strain E. coli FUS4/pF81
	Effect of carbon source (glucose, glycerol, crude glycerol) and pO2 on L-phenylalanine productivity in fed-batch cultivations
	Influence of additional chromosomal copies of glpK alleles on L-Phe production
	Integration of an extra gene copy of glpX in E. coli FUS4
	Growth and L-phenylalanine production with an additional chromosomal copy of glpX
	Construction of a double knock-in mutant of E. coli with additional chromosomal gene copies of glpX and tktA
	Phenylalanine production in E. coli with an additional gene copy of tktA, or a combination of glpX and tktA

	Discussion
	Conclusions
	Materials and methods
	Chemicals, enzymes, molecular biology
	Strains and plasmids
	Growth media
	Preparation of cell-free extracts and enzyme assays
	Fructose bisphosphatase (FBPase) activity
	Glycerol kinase

	Batch and fed-batch growth experiments
	Analytical methods

	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


