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Abstract The production of recombinant Rhodobacter
sphaeroides aminolevulinate (ALA) synthase was opti-
mized in two strains of Escherichia coli: the wild-type
strain MG1655, and a ptsG mutant AFP111. The effects
of initial succinate, glucose and isopropyl-S-D-thiogalac-
topyranoside (IPTG) concentrations and the time of
induction on enzyme activity were studied. One-way
analysis was used to approximate the optimal ranges for
these factors, followed by a full factorial design to
quantify the effects of each factor and the interactions
between the factors. Initial succinate, glucose, and IPTG
concentration were observed to be the key factors
affecting ALA synthase activity with the optimal levels
determined to be above 6 g/l succinate, 0 g/l glucose, and
0.10 mM IPTG. ALA synthase activity was generally
lower with AFP111 than with MG1655, and the effect of
these three key factors was also lower with AFP111 than
with MG1655. Based on the full factorial design results, a
fermentation was completed that yielded 296 mU/mg
protein with a final ALA concentration of 5.2 g/l
(39 mM).

Introduction

5-Aminolevulinic acid or 5-aminolevulinate (ALA) is a
derivative of a 5-carbon amino acid and exists in all living
organisms. The synthesis of ALA is the first step in the
biosynthesis of tetrapyrroles such as heme, porphyrins,
chlorophyll and vitamin B, analogues (Jordan 1991).
Recently, ALA has received wide attention for its
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potential use as herbicide (Rebeiz et al. 1988a), insecti-
cide (Rebeiz et al. 1988b), antimicrobial drug (Malik et
al. 1990) and photosensitizer for photodynamic therapy
(Levy 1995). ALA can be biosynthesized through two
major pathways (Jordan 1991). One route is the Cy4
pathway present in mammals, birds, yeast, some protozoa
and purple non-sulfur photosynthetic bacteria such as
Rhodobacter sphaeroides. In the C4 pathway, the pyri-
doxal 5-phosphate-dependent enzyme ALA synthase
(E.C. 2.3.1.37) catalyzes the condensation of succinyl-
CoA and glycine to yield ALA. Another route is the Cs
pathway, which occurs in higher plants, algae, and in
many bacteria including Escherichia coli (Li et al. 1989)
and archaea. In the Cs pathway, ALA is formed via three
enzymatic steps.

The biosynthesis of ALA is tightly regulated by
feedback inhibition of ALA synthase (in the C4 pathway)
or glutamate-tRNA ligase and glutamyl-tRNA#" reduc-
tase (in the Cs pathway) (Jordan 1991). Expression of R.
sphaeroides ALA synthase with a lac-based plasmid in E.
coli, which naturally uses the Cs; pathway, has been
studied for ALA production (Van der Werf and Zeikus
1996). These researchers showed that succinate enhances
and glucose reduces R. sphaeroides ALA synthase
activity in E. coli grown in shake flasks containing a
minimal salts medium with 0.25 g/l yeast extract. Since
the resulting ALA synthase activity (32 mU/mg protein)
and ALA production (2.25 pumol/l) were low, we were
interested in elucidating the effects of these substrates and
optimizing growth conditions for ALA synthase activity.
The effect of glycine, the other substrate for ALA
synthase, on enzyme activity was not studied, although
glycine is necessary for the production of ALA.

The E. coli lac promoter is commonly used to direct
the expression of foreign genes in E. coli with isopropyl-
B-D-thiogalactopyranoside (IPTG) as the inducer (Reznik-
off and Abelson 1980). While a wide range of IPTG
concentrations (0.005-5 mM) can be used to induce gene
expression, 1 mM IPTG is often used for complete
induction (Donovan et al. 2000). However, complete
induction of the lac promoter does not necessarily confer
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maximal gene expression because of metabolic load
constraints (Glick 1995).

We have constructed E. coli strains transformed with a
plasmid carrying the hemA gene encoding ALA synthase
from R. sphaeroides under the control of the inducible trc
promoter, a strong hybrid trp/lac promoter (Amann et al.
1988), in order to study how the concentrations of
succinate, glucose, and IPTG, and the time of induction
affect the level of ALA synthase activity and thus ALA
production. In addition to studying a wild-type E. coli, we
also investigated an E. coli strain (AFP111; Donnelly et
al. 1998) having a mutation in the pzsG gene (Chatterjee
et al. 2001) that encodes for a glucose-specific permease
of the phosphotransferase system (PTS). AFPI111 uses
glucokinase for glucose uptake (Bunch et al. 1997) and
has been observed to accumulate significant succinate
(Vemuri et al. 2002). This strain was studied because it
might respond differently than wild-type E. coli to
glucose during the overexpression of ALA synthase,
and it might be able to generate ALA directly from
glucose via succinate. Response surface methods of
experimental design and statistical analysis were used to
address these objectives.

Materials and methods
Strains

The host strains were E. coli MG1655, ATCC700926 (wild-type 17)
(Guyer et al. 1981) and E. coli AFP111, ATCC202021 [F" A~
rpoS396 (Am) rph-1 ldhA::Kan A(pfIAB::Cam)] (Donnelly et al.
1998; Chatterjee et al. 2001).

Construction of pTrc99A-hemA

The R. sphaeroides hemA gene was amplified using the polymerase
chain reaction (PCR). Pfu DNA polymerase was used instead of
Tag DNA polymerase and the pUI1015 plasmid served as the DNA
template. Primers were designed based on the published R.
sphaeroides hemA gene sequence (Neidle and Kaplan 1993) and
contained an Xbal (TCTAGA) restriction site and Shine-Dalgarno
sequence (AGGAG) at the beginning of the amplified fragment,
and a HindIIl (AAGCTT) restriction site at the end of the amplified
fragment; forward primer 5 TAC TAT TCT AGA AGG AGA
ACA GCT ATG GAC TAC AAT CTG GCA CTC 3'; reverse
primer 5 ATA TTG ATC GAT AGC GGT AAG CTT TGT CCC
GAA AGA AGT AGC ACA 3’ (the Xbal, Shine-Dalgarno, ATG
start, and Hindlll sites are underlined). The resulting 1.3 kb PCR
product was gel isolated, restricted with Xbal and HindIll and
ligated into the pTrc99A expression vector, which had been
restricted with the same two enzymes.

Growth conditions

All optimization studies were conducted in 125 ml shake flasks
containing 25 ml medium. The complex medium used was Luria-
Bertani (LB) medium containing (per liter): 5.00 g yeast extract,
10.00 g tryptone, 10.00 g NaCl. The minimal medium (MH) was
modified from that of Horn et al. (1996) and initially contained (per
liter): 6.00 g KH,PO,, 8.00 g (NH4),HPO,4, 0.30 g citric acid,
62.5 mg FCQ(SO4)3, 3.8 mg H3BO3, 18.8 mg MHC12~4H20, 12 mg
Na,EDTA-2H,0, 1.9 mg CuCl,-2H,0, 3.1 mg Na,Mo0,4-2H,0,
3.1 mg CoCl;:6H,0, 10 mg Zn(CH3COO),-2H,0, 1.5 mg

MgSO,47H,0, 0.14 g CaCl,-2H,0. All contained
100 mg/l ampicillin.

Tube cultures containing 5 ml LB medium were incubated for
8 h at 250 rpm and 37°C, and then 0.5 ml culture was inoculated
into shake flasks. Each shake flask was supplemented with other
carbon sources (e.g., glucose, succinate) and IPTG as indicated.
Cultures were grown for 8 h at 250 rpm (19 mm radius of orbit) and
37°C.

The optimal shake flask results were used to conduct a
controlled fermentation (Bioflow III, New Brunswick Scientific,
Edison, N.J.). A 2.5 1 fermenter contained 1.5 1 medium and was
inoculated with 30 ml of a shake flask culture to provide an initial
optical density at 600 nm (ODggp)of approximately 0.1. The
fermenter was operated at 800 rpm, 37°C, an air flowrate at 1.5 I/
min and a pH of 6.5, which was controlled with 20% Na,COj; and
10% H,SO4.

cultures

Analysis

Cell growth was based on the sample ODgoy (DU-650 spectropho-
tometer, Beckman, San Jose, Calif.). The dry cell weight (DCW) of
E. coli was measured by drying at 70°C for 12 h and correlated with
ODyg0. Succinate, glucose, acetate, and fumarate were analyzed by
high-pressure liquid chromatography (HPLC) as previously de-
scribed (Eiteman and Chastain 1997) using a Coregel 64-H ion-
exclusion column (Interactive Chromatography, San Jose, Calif.).
Glycine was analyzed by HPLC using an Aminex 87-C column
(Gilson Medical Electronics, Middleton, Wis.) with 0.05 M
Ca(NOs3), as eluant. All these analytes were detected using a
refractive index detector (Waters 2410, Millipore, Milford, Mass.).
ALA was analyzed using modified Ehrlich’s reagent (Burnham
1970). Specifically, 300 ul sample or standard was mixed with
400 pl 1.0 M sodium acetate (pH 4.6), to each 35 ul acetylacetone
(2,4-pentanedione) added, and then the mixtures heated at 80°C for
15 min. After cooling, 700 ul freshly prepared modified Ehrlich’s
reagent was added and after 10 min, the absorbance at 556 nm
measured.

Enzyme assay

A 10 ml sample was centrifuged (10,000 g for 10 min at 4°C),
resuspended in 2 ml 50 mM phosphate buffer (pH 7.0), and passed
through a French Pressure Cell (SLM-AMINOC, Spectronic
Instruments, Rochester, N.Y.) at 75,000 psi. After re-centrifugation
(30,000 g for 20 min at 4°C), ALA synthase activity in the cell-free
extracts was measured (Burnham 1970). Protein was measured
using a Pierce BCA Protein Assay Kit (Sigma, St. Louis, Mo.). One
unit of ALA synthase activity was defined as the amount of enzyme
needed to produce 1 umol ALA in 1 min.

Experimental design

Two general types of media (LB and MH), glucose, succinate and
IPTG concentration, and IPTG addition time were selected as
factors for the optimization of ALA synthase expression. Three
sequential studies were conducted:

1 Several medium compositions were used to compare complex
and defined media. This study constitutes a one-way design.

2 The four key factors (glucose concentration, succinate concen-
tration, IPTG concentration and IPTG addition time) were
examined one at a time at 3-6 levels using the best medium
found in part (1).

3 A 2*factorial design with four replicates and three center points
(Haaland 1989) was used to investigate the effects of the four
factors on ALA synthase activity in the two strains, and to
determine the direction toward the optimal point. Such a design
is a standard first-order design in response surface methodology
(Dean and Voss 1999). It was chosen because it allows for the



assessment of linear effects of the factors and interactions
among them, as well as lack-of-fit due to nonlinearity in the
response surface (quadratic and higher-order effects). The
experimental design contained 17 treatments corresponding to
the 2*=16 combinations of low and high levels of the treatment
factors plus the center point treatment (all factors set at the
midpoint of their high and low levels).

Results

Comparison of complex and defined media

We first studied the differences between complex (LB)
medium and minimal (MH) medium on ALA synthase
activity, as well as the effect of 5.0 g/l glucose and/or
5.0 g/l succinate using E. coli MG1655/pTrc99A-hemA
(data not shown). MG1655/pTrc99A-hemA grew very
poorly in MH medium with succinate as the carbon
source, but grew well in all other media. LB medium
resulted in significantly greater ALA synthase activity
than MH medium (P<0.0001). The presence of glucose in
either medium resulted in significantly lower activity
(below 20 mU/mg protein), while in LB medium the
addition of succinate resulted in increased activity
compared with LB medium without an additional carbon
source. A complex medium based on the components of
LB medium was therefore selected for subsequent studies.

Comparison of succinate, glucose
and IPTG concentrations and the time of induction
in complex media

We next sequentially studied the individual effects of four
factors—initial succinate, IPTG, and glucose concentra-
tions, and IPTG addition time—on ALA synthase activity
in MG1655/pTrc99A-hemA and AFP111/pTrc99A-hemA.
In all cases, ALA synthase activity was measured after
8.0 h of cell growth.

For the first study of succinate concentration, 1.0 mM
IPTG was added at the onset, and no glucose was used
(Fig. 1). Increasing initial succinate concentration resulted
in increased ALA synthase activity for both strains
(P<0.0001). Succinate affected ALA synthase activity
with MG1655/pTrc99A-hemA more than with AFP111/
pTrc99A-hemA.

For the study of IPTG concentration, IPTG was added
initially and no glucose was used. The initial succinate
concentrations selected were those providing maximal
ALA synthase activity (3.00 g/l for MG1655/pTrc99A-
hemA and 5.00 g/l for AFP111/pTrc99A-hemA) (Fig. 2).
ANOVA indicates that IPTG had a significant effect on
ALA synthase activity (P<0.0002). In the absence of
IPTG, ALA synthase activities were 4.2 and 6.1 mU/mg
for MGI1655/pTrc99A-hemA and AFP111/pTrc99A-
hemA, respectively. The ALA synthase activities in-
creased 25- to 40-fold when only 0.10 mM IPTG was
added. Greater initial IPTG concentrations for either
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Fig. 1 The effect of initial succinate concentration on the specific
aminolevulinate (ALA) synthase activity in Escherichia coli
MG1655/pTrc99A-hemA and AFP111/pTrc99A-hemA
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Fig.2 The effect of initial isopropyl-S-D-thiogalactopyranoside
(IPTG) concentration on the specific ALA synthase activity in E.
coli MG1655/pTrc99A-hemA and AFP111/pTrc99A-hemA

strain yielded lower ALA synthase activities. The
MG1655/pTrc99A-hemA and AFP111/pTrc99A-hemA
yielded similar ALA synthase activities for each of the
IPTG concentrations, with no significant difference
between the two strains (P=0.64).

For the study of glucose concentration, 0.10 mM IPTG
was added initially, and the initial succinate concentra-
tions selected were those providing maximal enzyme
activity, as before (Fig. 3). The presence of glucose
significantly decreased ALA synthase activity for both
strains (P<0.0001). These adverse effects of glucose were
greater with MG1655/pTrc99A-hemA than with AFP111/
pTrc99A-hemA.

For the study on the time for the addition of IPTG, the
concentrations of IPTG, glucose and succinate used were
those that had previously resulted in the greatest ALA
synthase activity (Fig. 4). The time of IPTG addition had
a significant effect on ALA synthase activity (P<0.0001).
When the cells were permitted to grow for 1.5 h or 2.0 h
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Fig. 3 The effect of initial glucose concentration on the specific
ALA synthase activity in E. coli MG1655/pTrc99A-hemA and
AFP111/pTrc99A-hemA

prior to the addition of 0.10 mM IPTG, ALA synthase
activity was lower than when IPTG was added initially.

Full factorial design

The one-way design studies described above provide
information about the ranges of each of the four factors,
but do not provide information on interactions between
these factors or the optimal conditions. We therefore
conducted a full factorial design experiment, and the
results are shown in Table 1.

For MG1655/pTrc99A-hemA, the highest mean re-
sponses were obtained with the combination of 5.00 g/l
succinate and no glucose. For AFP111/pTrc99A-hemA,
the highest mean responses were obtained for 7.00 g/l
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Fig. 4 The effect of IPTG addition time on the specific ALA
synthase activity in E. coli MG1655/pTrc99A-hemA and AFP111/
pTrc99A-hemA

succinate and no glucose. For each strain, significance
tests for individual terms in the model showed that IPTG
(1), succinate (2), and glucose (4) concentrations, and the
interaction term of succinate concentration and glucose
concentration were significant at ¢=0.05. All other terms
were not significant and were dropped from the model.
The experimental data for each strain were then refit to
the reduced model.

ANOVA tables for ALA synthase activity in the full
factorial design appear in Tables 2 and 3 for MG1655/
pTrc99A-hemA and AFP111/pTrc99A-hemA, respective-
ly. These ANOVAs are based on reduced models obtained
by first fitting the full, or saturated, model according to
the constraints of the design (the model with all linear and
two-way interaction effects plus a single term represent-
ing the sum of all quadratic effects) and eliminating non-

Table 1 Treatment structure used in 2* factorial design with three center points and specific aminolevulinate (ALA) synthase activities
measured with Escherichia coli MG1655/pTrc99A-hemA and AFP111/pTrc99A-hemA. IPTG Isopropyl-B-D-thiogalactopyranoside

Treatment  Initial Initial Time Initial ALA synthase (mU/mg protein)®
Eﬁ\% e of hrG M %’é}lﬁose MG1655/pTrc99A-hemA  AFP111/pTrc99A-hemA
1 0.05 (-1) 1.0/3.0 (1) 0.0 (-1) 0.0 (1) 183.1 (22.0) 84.4 (15.2)
2 0.05 (-1) 1.0/3.0 (1) 0.0 (1) 2.0 (+1) 80.5 (15.0) 87.8 (22.1)
3 0.05 (-1) 1.0/3.0 (1) 2.0 (+1) 0.0 (-1 172.7 (19.1) 94.0 (14.4)
4 0.05 (-1) 1.0/3.0 (1) 2.0 (+1) 2.0 (+1) 74.4 (12.7) 83.3 (24.9)
5 0.05 (-1) 5.0/7.0 (+1) 0.0 (-1) 0.0 (-1 250.0 (81.3) 140.4 (48.7)
6 0.05 (-1) 5.0/7.0 (+1) 0.0 (-1 2.0 (+1) 121.2 (23.1) 101.6 (9.6)
7 0.05 (-1) 5.0/7.0 (+1) 2.0 (+1) 0.0 (-1) 293.6 (72.6) 105.0 (17.2)
8 0.05 (-1) 5.0/7.0 (+1) 2.0 (+1) 2.0 (+1) 84.0 (12.4) 89.4 (17.0)
9 0.25 (+1) 1.0/3.0 (1) 0.0 (1) 0.0 (1) 162.5 (39.5) 68.4 (5.8)
10 0.25 (+1) 1.0/3.0 (1) 0.0 (-1) 2.0 (+1) 63.2 (3.6) 43.1 (6.5)
11 0.25 (+1) 1.0/3.0 (1) 2.0 (+1) 0.0 (-1 120.6 (10.4) 57.9 (6.6)
12 0.25 (+1) 1.0/3.0 (-1) 2.0 (+1) 2.0 (+1) 52.5(5.5) 50.7 (5.9)
13 0.25 (+1) 5.0/7.0 (+1) 0.0 (-1 0.0 (-1 210.3 (55.2) 119.6 (21.8)
14 0.25 (+1) 5.0/7.0 (+1) 0.0 (-1 2.0 (+1) 66.8 (18.6) 85.8 (28.9)
15 0.25 (+1) 5.0/7.0 (+1) 2.0 (+1) 0.0 (-1) 200.7 (42.5) 118.3 (34.9)
16 0.25 (+1) 5.0/7.0 (+1) 2.0 (+1) 2.0 (+1) 77.3 (10.5) 64.6 (11.0)
17 0.15 (0) 3.0/5.0 (0) 1.0 (0) 1.0 (0) 154.8 (37.3) 67.8 (8.3)

#Coded values for variable levels are in parentheses

" First concentration listed was used for MG1655/pTrc99A-hemA while second concentration was used for AFP111/pTrc99A-hemA

¢ Values are mean response (standard deviation) at 8.0 h
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Table 2 ANOVA for ALA synthase activity of the factorial design and effect estimates for MG1655/pTrc99A-hemA

Source of variance Sum of square Degrees of freedom Mean square F-Test* R? P-Value
Model 313,204 4 78,301.0 59.28 0.7927 <0.0001
Residual 81,891 62 1,320.8
Total 395,095 66
Factor Estimated effect Standard error t Value P-Value
(mU/mg protein)
o 139.1 4.44 31.32 <0.0001
o) -19.1 4.54 -4.21 <0.0001
ay 24.6 4.54 5.42 <0.0001
oy -60.9 4.54 -13.39 <0.0001
Oy -14.8 4.54 -3.26 0.0018
" Fo9s, 4,62=2.53
Table 3 ANOVA for ALA synthase activity of the factorial design and effect estimates for AFP111/pTrc99A-hemA
Source of variance Sum of square Degrees of freedom Mean square F-Test* R? P-Value
Model 25,012 4 8,753.1 17.98 0.5370 <0.0001
Residual 30,190 62 486.9
Total 65,202 66
Factor Estimated effect Standard error t Value P-Value
(mU/mg protein)
o 86.3 2.70 32.33 <0.0001
) -11.1 2.76 -4.02 <0.0001
a 16.0 2.76 5.78 <0.0001
oy -11.4 2.76 —4.12 <0.0001
oy -6.4 2.76 -2.32 0.0239
" Fo9s, 4,60=2.53
significant terms. Tables 2 and 3 show that the reduced 7 =2
. . T 5 - 300
models explain a large proportion of the variability in the s
data (R?> =0.7527 and R’ =0.5370, respectively). The ¢ 8§ 250 5
effects of IPTG, succinate, and glucose concentrations on = Ls E 5%
ALA synthase activity were more significant for j.? g 200 £
MG1655/pTrc99A-hemA than for AFP111/pTrc99A- & 4 g 2
hemA. For MG1655/pTrc99A-hemA, the negative effect 8 La ? [ %
of glucose on ALA synthase activity was extremely ;. s L 100 @
strong. In contrast, for AFP111/pTrc99A-hemA, the o % B é
negative effect of glucose on ALA synthase activity Ly 2 - 50
was comparatively weak. An interaction between succi- £
0 @ 0

nate concentration and glucose concentration occurred in
both strains. Profile plots of the interactions between
succinate and glucose indicate that the positive effect of
succinate on ALA synthase activity was reduced in the
presence of glucose. The fact that there was no significant
evidence of quadratic effects suggests that the optimum
response was not in the experimental design region. In
particular, the optimal concentration of succinate lies
beyond the range of concentrations studied.

Production of ALA in MG1655/pTrc99A-hemA

Based on the results obtained from the full factorial
design experiments, a fermentation was carried out using
MG1655/pTrc99A-hemA in LB medium with 10.0 g/l
succinate, no glucose and 0.05 mM IPTG added initially.
An additional dose of 10 g/l succinate and 1.88 g/ glycine

Fig. 5 Fermentation of E. coli MG1655/pTrc99A-hemA using LB
medium with 10.00 g/l succinate, no glucose and 0.05 mM IPTG
added initially. An additional 10.00 g/l succinate and 1.88 g/l
glycine was added at 6.0 h. @ Succinate, (O glycine, A
aminolevulinate, [d OD, ¢ fumarate, 57 ALA synthase activity

was added at 6.0 h to resupply these carbon sources,
which had been consumed, and the fermentation was
terminated at 12.0 h. The greatest ALA synthase activity
was 296 mU/mg protein and the final concentration of
ALA was 5.2 g/l, equivalent to 39 mM (Fig. 5).
Interestingly, fumarate appeared during the course of
the fermentation, reaching a maximum concentration of
about 1.0 g/l after about 7 h.
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Discussion

In this study, we used factorial design to understand and
improve the activity of ALA synthase in two strains of E.
coli containing the plasmid pTrc99A-hemA, with the
ultimate goal of maximizing ALA production. One
significant result was that the presence of glucose
dramatically reduced the activity of ALA synthase, a
result consistent with others using a different E. coli strain
and plasmid (Van der Werf and Zeikus 1996). The
deleterious effect of glucose was much greater in the
wild-type MG1655 than in AFP111, which lacks a gene of
the phosphotransferase glucose transport system (ptsG).
Plasmid copy number can be influenced by the carbon
substrate (Klotsky and Schwartz 1987), and such a
phenomenon could be a factor here. However, in previous
studies the pTrc99A plasmid has been used without this
deleterious effect of glucose (March et al. 2002; Vemuri
et al. 2002). Thus, our observations point to direct
regulation of the R. sphaeroides hemA gene by glucose, or
another metabolite associated with the presence of
glucose, an effect that is moderated by the ptsG mutation.
In the full factorial design, we demonstrated an interac-
tion between succinate and glucose for both MG1655/
pTrc99A-hemA and AFP111/pTrc99A-hemA. Specifical-
ly, the positive effect of succinate was attenuated by the
negative effect of glucose.

For the pTrc99A plasmid, induction with IPTG is
necessary for the expression of foreign proteins (Amann
et al. 1988), and we observed very low ALA synthase
activity in the absence of IPTG. However, “complete”
induction of the trc promoter using high concentrations
(1.0 mM) of IPTG did not confer maximal ALA synthase
activity. While a previous limited study of IPTG induc-
tion of hemA in E. coli suggested no effect of IPTG
concentration (Van der Werf and Zeikus 1996), studies
with other recombinant proteins have similarly shown that
IPTG concentrations of 0.05-0.10 mM provide maximal
expression without deleteriously influencing metabolism
(Kosinski et al. 1992; Shibui and Nagahari 1992;
Donovan et al. 2000; Wlad et al. 2001). The highest
IPTG concentrations might cause the greatest metabolic
load (Glick 1995). Interestingly, like the negative effect
of glucose, the negative impact of IPTG concentration
was greater in wild-type MG1655 than in AFPI1I.
Additional studies would be necessary to determine if
any relationship exists between the impact of glucose and
IPTG on hemA expression.

When a strong, regulatable promoter is used for
foreign protein expression, the common practice is to
promote high cell growth first without induction, fol-
lowed by a second induction step (Horn et al. 1996;
Harrison et al. 1997; Wlad et al. 2001). In contrast, in the
present study induction with IPTG initially yielded the
greatest ALA synthase activity in single-factor experi-
ments, while in the full factorial design the time of IPTG
addition was not significant.

Succinyl-CoA required by ALA synthase is generated
in E. coli via native succinate-CoA synthase (E.C. 6.2.1.5)

(Gibson et al. 1967) and appeared not to be rate-limiting
in a previous study with lower ALA synthase activity
(Van der Werf and Zeikus 1996). Because of the
significantly higher ALA synthase activities obtained in
this study, it is possible that succinyl-CoA limits the
biochemical rate of ALA synthesis.

Using results of the full factorial design, a batch
fermentation was conducted and yielded a specific ALA
synthase activity of 296 mU/mg protein and an ALA
concentration of 39 mM, about 10 and 18 times greater,
respectively, than results obtained previously with re-
combinant E. coli (Van der Werf and Zeikus 1996).
Additional succinate and glycine were added to the
medium approximately at the time corresponding to the
cessation of cell growth. However, the ALA concentra-
tion continued to increase during the stationary phase
from 6.0 h to 12.0 h from about 1.5 g/l to 5.2 g/l
Additional process improvements may permit higher cell
density to be achieved with concomitant ALLA production.
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