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The amount of Vitreoscilla hemoglobin (VHb) expression 
was modulated over a broad range with an isopropyl-P- 
D-thiogalactopyranoside- (IPTG-) inducible plasmid, and 
the consequences on microaerobic Escherichia coli phys- 
iology were examined in glucose fed-batch cultivations. 
The effect of IPTG induction on growth under oxygen- 
limited conditions was most visible during late fed-batch 
phase where the final cell density increased initially lin- 
early with increasing VHb concentrations, ultimately sat- 
urating at a 2.7-fold increase over the VHb-negative 
(VHb-) control. During the same growth phase, the spe- 
cific excretions of fermentation by-products, acetate, eth- 
anol, formate, lactate, and succinate from the culture ex- 
pressing the highest amount of VHb were reduced by 
25%, 49%, 68%, 72%, and 50%, respectively, relative to 
the VHb- control. During the exponential growth phase, 
VHb exerted a positive but smaller control on growth 
rate, growth yield, and respiration. Varying the amount 
of VHb from 0 to 3.8 pmol/g dry cell weight (DCW) in- 
creased the specific growth rate, the growth yield, and 
the oxygen consumption rate by 33%, 35%, and 6O%, 
respectively. Increasing VHb concentration to 3.8 kmolig 
DCW suppressed the rate of carbon dioxide evolution in 
the exponential phase by 30%. A metabolic flux distribu- 
tion analysis incorporating data from these cultivations 
discloses that VHb+ cells direct a larger fraction of glu- 
cose toward the pentose phosphate pathway and a 
smaller fraction of carbon through the tricarboxylic acid 
cycle from acetyl coenzyme A. The overall nicotinamide 
adenine dinucleotide [NAD(P)H] flux balance indicates 
that VHb-expressing cells generate a net NADH flux by 
the NADHiNADPH transhydrogenase while the VHb- 
cells yield a net NADPH flux under the same growth con- 
ditions. Flux distribution analysis also reveals that VHb+ 
cells have a smaller adenosine triphosphate (ATP) syn- 
thesis rate from substrate-level phosphorylation but a 
larger overall ATP production rate under microaerobic 
conditions. The thermodynamic efficiency of growth, 
based on reducing equivalents generated per unit of bio- 
mass produced, is greater for VHb' cells. 0 1996 John 
Wiley & Sons, Inc. 
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INTRODUCTION 

Escherichia coli, a microbe capable of switching between 
multiple metabolic networks for energy generation, thrives 
on energetically most favorable pathways in a particular 
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environment. When cells are grown aerobically with glu- 
cose as carbon and energy substrate, glucose is efficiently 
dissimilated into cellular materials. Metabolic energy is 
generated in the form of proton motive force across the 
cytoplasmic membrane with concomitant recycling of redox 
carriers using oxygen as an exogenous electron acceptor. In 
the absence of oxygen, energy synthesis depends on sub- 
strate-level phosphorylation, and redox reactions are bal- 
anced internally by decomposition of glucose into wasteful 
metabolites which are then excreted into the environment. 

The biochemistry and genetics of both aerobic and anaer- 
obic pathways in E. coli are now well understood and char- 
acterized. Unfortunately, in most industrial bioprocesses in- 
volving E .  coli or other microorganisms, problems arise 
mostly, not with aerobiosis or anaerobiosis, but with mi- 
croaerobiosis in which aspects of both respiration and fer- 
mentative metabolisms are active and rival for accomplish- 
ing energy synthesis and redox balance. During microaer- 
obic conditions, environmental factors such as nonideal 
mixing result in fluctuations of culture dissolved oxygen 
(DO) tension between hypoxic and a n o ~ i c . ' ~ ~ ~ ~  Internally, 
global and specific oxygen regulation mechanisms activate 
and repress key enzymes to prepare cells for aerobic or 
anaerobic survival. 12,29 Accordingly, the product pattern 
changes dramatically during rnicroaerobiosis.26 

It has been demonstrated, through genetic engineering, 
that intracellular expression of a bacterial hemoglobin from 
Vitreoscilla (VHb) into different hosts elicits in vivo effects 
of reduced oxygen starvation, improved cell growth, and 
product formations. 7 , 1 5 9 1 8 3 2 1  Recent studies aimed at under- 
standing the mechanism of VHb action indicate that VHb 
increases the number of protons extruded across the cyto- 
plasmic membrane per oxygen atom reduced and enhances 
the adenosine triphosphatase- (ATPase-) catalyzed ATP 
synthesis rate in microaerobic E .  ~ o l i . ~ , ' ~  Kallio et al.14 
suggest that VHb improves the electron transport chain 
through a catalytic role in raising the activity of the terminal 
oxidase cytochrome 0. Given the intricate interactions be- 
tween respiratory and fermentative metabolisms under mi- 
croaerobic conditions, a perturbed respiratory pathway 
could have an effect on central carbon metabolism and the 
flux distribution. Unfortunately, the effect of VHb on car- 
bon metabolism as well as effect of VHb dosage on phys- 
iological responses are unknown for any of the organisms 
reported. Studying these consequences of VHb expression 

Biotechnology and Bioengineering, Vol. 49, Pp. 139-150 (1996) 
0 1996 John W~ley & Sons, Inc. CCC 0006-3592/96/020139-12 



will enhance understanding of interactions of VHb with 
microaerobic physiology. This will expand the foundation 
of information useful in guiding future applications of VHb 
technology. 

Models that predict intracellular flux distribution and its 
perturbation as a result of enzymatic or environmental ma- 
nipulations have been developed and applied in different 
organisms in recent years. 8,28 Straightforward yet informa- 
tive methods such as stoichiometric flux balancing analysis, 
which demands knowledge only on biochemical stoichiom- 
etry, biosynthesis requirements, and a few measurable pa- 
rameters, find increasing applications in metabolic engi- 
neering. l l ,30,3s Based on experimental data, this mass bal- 
ancing method interprets the observed physiology by 
providing a quantitative analysis of flux distribution within 
the defined network of reactions. 

In this work we addressed the two previously posed ques- 
tions of (1) how microaerobic E. coli physiology responds 
to VHb dosage and (2) how VHb perturbs microaerobic E. 
coli carbon and energy flux distributions. We compared 
different growth parameters and by-product excretion pat- 
terns of six VHb-expressing E. coli cultures under oxygen- 
limited conditions. Using the gathered information a meta- 
bolic flux distribution model based on stoichiometric bal- 
ancing of E. coli glucose metabolism was applied, and the 
effect of VHb on flux distribution was studied. Based on 
this information, the implications of VHb expression on 
microaerobic physiology and indications concerning the 
mechanism of VHb action were discussed. 

MATERIALS AND METHODS 

Microorganism, Plasmid Construction, and 
Cultivation Conditions 

The effects of different intracellular VHb concentrations on 
cell physiology was studied using Escherichiu coli K-12, 
strain W3 110' transformed with the isopropyl-P-D- 
thiogalactopyranoside- (IPTG-) inducible VHb expression 
plasmid, pKTVl. Plasmid pKTl was constructed by digest- 
ing pBR322, with EcoRI and SspI and ligating with the 
1 . 1 -kb EcoRI-Hind11 fragment [HindII-digested fragment 
posttreated with DNA polymerase I large (Klenow) frag- 
ment (Promega Inc.)] containing the lac repressor gene, 
lucP, from pMJR1560 (Amersham International). Plasmid 
pKTVl was then created by subcloning the 1.2-kb HirzdIII- 
SulI fragment containing the tuc promoter-vhb gene fusion 
from PINT1 l6 into the corresponding sites in pKTl . Differ- 
ent levels of VHb expression were achieved by varying 
doses of IPTG. Ampicillin (100 mg/L) was added to all 
W3 11O:pKTVl cultivations for plasmid maintenance. 

Seeding cultures for bioreactor cultivations were grown 
for 12 h in 500-mL shake flasks containing 100 mL of 
buffered Luria-Bertani (LB) medium (10 g/L Bacto- 
tryptone, 5 g/L Bacto-yeast extract, 10 g/L NaC1, 3 g/L 
K,HP04, 1 g/L KH,PO,, adjusted to pH 7) at 37°C and 250 

rpm in a New Brunswick Scientific Innova 4000 shaker. 
Glucose fed-batch cultivations were performed in a Six Fors 
bioreactor (Infors, AG) with working volume of 310 mL. 
Bioreactor cultivations were inoculated with 6.2 mL of seed 
culture, and process parameters were maintained at 37"C, 
pH 7 (adjusted with either 3 M NaOH or 3 M &PO,), 400 
rpm, and 0.4 vvm (volume of gas per volume of liquid per 
minute) of air supply. Glucose-defined batch medium con- 
sisted of 4 g/L glucose, 0.4 g/L (NH,),SO,, 4.35 g/L 
K,HPO,, 1.5 g/L KH,PO,, 1 mL/L trace metal mix (8.3 
mM Na,MoO,, 7.6 mM CuSO,, 8 mM H,BO,), 1 mL/L 
vitamin mix (0.042% riboflavin, 0.54% panthothenic acid, 
0.6% niacin, 0.14% pyridoxin, 0.006% biotin, 0.004% fo- 
lic acid), 1 mM MgSO,, 0.05 mM CaCl,, 0.2 mM FeCl,, 
and 100 mg/L ampicillin. 

Induction of VHb was achieved by adding the indicated 
concentration of IPTG to the culture when dissolved oxygen 
(DO) dropped below 5% of air saturation, which generally 
occurred approximately 10 h postinoculation. The fed-batch 
mode was commenced with 1 mL/h of feed medium when 
the culture reached an A600 of 1.5 and 2 mL/h when A,, 
reached 3.0. Thereafter the feeding was kept constant at 2 
mL/h until the end of cultivation. 

Feed medium consisted of 250 g/L glucose, 110 g/L 
(NH,),SO,, 8 g/L MgSO,, 1 mL/L vitamin mix, 1 mL/L 
trace metal mix, 0.05 mM CaCl,, and 0.2 mM FeC1,. DO 
was monitored with a PO, electrode (Ingold, Inc.) and ex- 
haust gas (CO, and 0,) from the bioreactor was monitored 
using an emission monitor (Briiel & Kjaer, Emissions Mon- 
itor type 3427). Samples for VHb, total protein, and ex- 
creted metabolite measurements were taken periodically 
throughout cultivations and stored at - 20°C until analysis. 

Analytical Procedures 

Metabolite analyses for formate, D-lactate, L-lactate, succi- 
nate, and pyruvate were performed enzymatically as de- 
scribed by berg me ye^-.',^ Assays were performed at 37°C 
on a Beckman SYNCHRON CX5CE autoanalyzer by cou- 
pling reactions to NAD(P) and following changes in 
NAD(P)H at 340 nm ( E ~ ~ ~ ( ~ ) ~  = 6.22 cm-' mM-'). 
Biochemicals and enzymes were of analytical grade and 
were obtained from Boehringer Mannheim or Sigma. Ace- 
tate concentration was measured with a gas chromatograph 
(Hewlett-Packard 5890 series I1 with a flame ionization de- 
tector) with a Carbovac CW 20 M 0.25 (25 m X 0.25 mm) 
column. Gas chromatography (GC) analysis was performed 
on a three-ramp oven temperature program: the initial tem- 
perature was held at 70°C for 1 min, then the temperature 
was raised 10"C/min to 95"C, thereafter the temperature 
was increased to 131°C with a rate of 40"C/min, and then to 
190°C with a rate of 70"Clmin where it was maintained for 
4 min. The detector and the inlet temperatures were 300°C 
and 220"C, respectively; helium and nitrogen gas flow rates 
were 1 and 100 mL/min, respectively. Butyric acid, 5 mM, 
was added as an internal standard to samples for acetate 
determination. Glucose and ethanol concentrations in cul- 
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ture medium were measured with glucose (GLU) and 
ALC assays (Beckman), respectively, using a Beckman 
SYNCHRON CX5CE autoanalyzer. 

Samples for protein assay were prepared by resuspending 
harvested cells 1: 1 in a sonication buffer [lo0 mM Tris, pH 
8; 50 mM NaCI; 1 mM ethylenediaminetetraacetic acid 
(EDTA), pH 81. Cells were disrupted by sonication on ice 
in a sonifier (Branson model 450) under continuous mode 
for 12 min at 100% output, followed by centrifugation at 
4"C, 15,000 rpm, in an Eppendorf centrifuge. Total soluble 
protein of the supernatant was determined from a M-TP 
assay (Beckman) using a Beckman SYNCHRON CX5CE 
autoanalyzer. For dry cell weight (DCW) determination, 10 
mL of culture samples were centrifuged at 3000g and 
washed once with phosphate buffer saline (8 g/L NaCl, 0.2 
glL KC1, 1.44 g/L Na,HPO,, 0.24 g/L KH,PO,, adjusted to 
pH 7). Wet pellets were dried in an 80°C oven for 3 days, 
and then their weights were measured. DCW measurement 
has an error margin of 5%. 

VHb Quantification 

The VHb activity was assayed by CO-reduced minus re- 
duced difference absorption spectrophotometry using the 
monomer extinction coefficient (E,~~~,,,  - E437nm) of 1.067 
x lo5 M -  cm- for VHb. lo VHb time profiles of different 
IPTG inductions were monitored and quantified by Western 
blotting. Fifteen percent sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (SDS-PAGE) and the subsequent 
Western blotting were performed according to the method 
of Laernmli,' and the standard Western protocol,36 respec- 
tively, with rabbit anti-VHb antiserum (Cocalico Biologi- 
cals) and horseradish peroxidase-conjugated sheep IgG 
fraction to rabbit IgG (Cappel'", Organon Teknika Corp.). 
Using a molecular dynamics densitometer, the amount of 
VHb in each sample was estimated by comparing the in- 
tensity of its Western blot negative with that of a hemoglo- 
bin standard (4.5 pM) prepared from E. coli JM101:pRED2 
cell extract. l 5  Hemoglobin content was normalized with 
DCW and is reported as micromoles per gram DCW. 

RESULTS 

Controlled Expression of VHb and Its Effect 
on Growth 

Effect of VHb dosage on microaerobic cell physiology was 
studied with controlled expression of VHb from a medium- 
copy-number, lac-driven VHb expression plasmid pKTVl . 
A copy of the lac1 gene was also subcloned on this plasmid 
to ensure an adequate basal level of repressor to prevent vhb 
transcription in the absence of inducer IPTG. Plasmid 
pKTVl was transformed into E .  coli wild-type strain 
W3110 to obtain the recombinant strain W3110:pKTVl. 
Different levels of VHb synthesis were achieved by varying 

concentration of IPTG added to the culture in the range of 
0 to 0.5 mM. To examine the effect of VHb dose under the 
most relevant physiological conditions, namely microaero- 
bic growth, VHb synthesis was induced only when the cul- 
ture DO dropped below 5% of air saturation. The maximal 
level of VHb, judged from antiserum binding to VHb on 
Western blots, was 3.8 Fmol/g DCW after 31 h of fed-batch 
cultivation (Fig. 1). This level of synthesis is comparable to 
VHb expression from a pUC-based, high-copy-number 
plasmid such as pRED2 (ref. 15; result not shown). The 
data in Figure 1 disclose that accumulation of VHb in- 
creased with increasing concentration of IPTG, and no VHb 
was detected when no inducer was added. 

Six different IPTG-induced, glucose fed-batch W3 110: 
pKTVl fermentations were performed to study the effect of 
VHb dosage on cell growth (Fig. 2A). The air flow rate was 
purposely set low at 0.4 vvm so that cultures became mi- 
croaerobic (DO equal to or below 2% of air saturation) at 
the beginning of exponential growth. DO profiles of all 
cultivations were similar, and therefore only one is shown 
in Figure 2A. After 40 h of growth, the cells with increasing 
VHb concentrations grew to higher densities than the unin- 
duced, VHb-free cells (Fig. 2a). For clarity of presentation, 
the six cultures will be identified hereafter by their VHb 
concentrations measured after 3 1 h of cultivation. Although 
it has been demonstrated that the expression of VHb im- 
proves microaerobic cell growth, l5*I7 these data show for 
the first time that the growth enhancement is proportional to 
VHb concentration up to a saturation level at a VHb con- 
centration of 3.4 pmol/g DCW (Fig. 2A). Beyond 3.4 
Fmol VHb/g DCW, no further increase in final cell density 
was observed (Fig. 2B). The final cell density of the highest 
VHb-expressing culture was 2.7-fold that of the uninduced, 
VHb-free culture. 

From Figure 2A it is apparent that the most notable dif- 
ferences on cell growth among the six cultures occurred, not 
during the exponential growth phase, but during the late 
fed-batch phase. The specific growth rate of cells in the 
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Figure 1. VHb induction pattern of E. coli W3110:pKTVl grown in 
glucose-defined medium. IPTG was added to culture at hour 10 to induce 
VHb expression. VHb content of cells, estimated from Western blotting, 
was normalized with dry cell weight and is reported as pmol/g DCW. 

TSAI, HATZIMANIKATIS, AND BAILEY: VHb DOSE-PHYSIOLOGY RESPONSE 141 



0 0.5 pmol VHb/g DCW 
0 1.2 pmol VHblg DCW 
X 2.3 p o l  VHb/g DCW 
f 3.4 pnolVHb/g DCW 
A 3.8 pnolVHb/g DCW 

.---.--.----. ----.-. 

100 

80 

tl 
0 
8 50 - h 

20 

0 

0 10 20 30 40 50 

Time (h) 

5 

2 
3 u 
P 4  
M 

x 
v 

w .... 
v) 

5 3  n - - 
e, 

2 2  m 
C 
L 
.* 

1 
0 1 2 3 4 

VHb (FmoUg DCW) 

Figure 2. (A) Glucose fed-batch bioreactor growths of W31IO:pKTVI 
with different VHb concentrations. Different doses of IPTG (0, 0.005, 
0.01, 0.05, 0.1, and 0.5 mM) were added to cultivations at hour 10 to 
achieve different VHb expression levels. Dissolved oxygen profiles of the 
six cultivations were similar and only the representative one is shown. 
Glucose feeding strategy is described in Materials and Methods (B) Effect 
of IPTG induction on final cell density. 

exponential phase, although also increased with increasing 
VHb concentrations, was raised only by 33% from 0.12 
h- '  without VHb to 0.16 h - '  with 3.8 pmol VHb/g DCW 
(Table I) .  The specific glucose uptake rate remained similar 
with and without VHb, and thus the yield on glucose in- 
creased with increasing VHb concentrations (Table I). Sim- 

ilar growth patterns and effects of VHb dosage were ob- 
served with repeated cultivations and when W3 1 10:pKTVl 
was cultivated in glycerol defined medium under identical 
conditions (results not shown). 

Effect of VHb Levels on Respiration 

The oxygen uptake (OUR, Q,J and carbon dioxide evolu- 
tion (CER, Qco,) rates of cells in the exponential phase 
were calculated from exhaust gas measurements and are 
summarized in Table I. Although these measurements have 
an estimated error of around lo%, results showed a signif- 
icant 60% increase and a 30% decrease in OUR and CER, 
respectively, of the highest VHb expressing W3 110:pKTV 1 
relative to the uninduced, VHb-free control. A closer ex- 
amination of the data revealed that a small amount of VHb 
was sufficient to cause a 30% increase on the respiration 
rate of E. coli W3110:pKTVl; only 0.5 pmol VHb/g DCW 
raised OUR from 1.7 to 2.2 mmol O,/g DCW/h. Overall, 
expression of VHb in the range studied exerted a positive 
effect on OUR and, to a lesser extent, a negative effect on 
CER of cells. As a consequence, increasing VHb decreased 
the RQ (ratio of CER and OUR). This result suggests that 
the presence of VHb may direct microaerobic E. coli to 
utilize more of its respiratory pathways and less of fermen- 
tative pathways. 

Effect of VHb Levels on Extracellular 
Metabolite Concentration 

The effect of VHb dosage on fermentative pathways of E .  
coli was studied by monitoring the production of several 
important fermentation by-products during cultivations. 
The use of an automated analyzer improved precision and 
reduced the uncertainty of assays to about 5 mg/L. Table I1 
summarizes the specific metabolite production of the dif- 
ferent IPTG-induced W3110:pKTV 1 cultures measured af- 
ter 31 h of growth. L-lactate concentrations of all cultures 
were very low and therefore only D-lactate concentrations 
are reported. Synthesis of VHb greatly reduced all of the 
measured metabolites excreted by cells relative to the un- 

Table I. 
cultivation). 

Effect of VHb levels on E .  coli growth parameters (exponential phase, 13-19 h of 

0 0.12 0.31 2.61 1.7 2.2 1.3 
0.5 0.13 0.31 2.74 2.2 1.8 0.81 
1.2 0.13 0.34 2.62 2.5 2.0 0.79 
2.3 0.14 0.38 2.41 2.2 1.9 0.88 
3.4 0.17 0.41 2.68 2.7 1.8 0.67 
3.8 0.16 0.42 2.57 2.7 1.5 0.57 

"Calculated from medium glucose concentration and feedings of 0.25 g/h after culture A,, reached 

bRQ = QcoJQq. 

1.5 and 0.5 g/h after A,, reached 3.0. 
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Table 11. 
after 3 1 h of cultivation). 

Metabolite excretion of VHb-synthesizing E .  coli in glucose-defined medium (measured 

~~ ~ 

Excreted metabolite (mmol/g DCW) 
VHb Biomass 

p,mol/g DCW g DCW/L Acet ETOH Form D-LaC Suc Pyr 

0 1.71 62.6 18.7 117 13 6.2 0.06 
0.5 2.28 55.3 12.3 64.8 3.8 4.2 0.03 
1.2 2.65 56.0 10.1 60.5 3.1 3.3 0.03 
2.3 3.24 52.3 10.0 62.4 4.4 2.7 0.03 
3.4 3.50 48.5 8.9 37.0 3.7 2.8 0.02 
3.8 3.83 47.1 9.5 37.4 3.4 3.2 0.02 

induced, VHb-free control. VHb has the smallest effect on 
the repression of acetate production compared with the 
other metabolites. Increasing VHb concentrations decreased 
levels of acetate by a maximal 25% from 62.6 to 47.0 
mmol/g DCW over the VHb concentrations tested. 

Expression of VHb had a strong negative effect on for- 
mate and D-lactate concentrations as the presence of as little 
as 0.5 kmol VHbig DCW drastically depressed the produc- 
tion of formate and D-lactate by 45% and 70%, respec- 
tively. Further increments of VHb reduced the excretion of 
formate and D-lactate to 68% and 72%, respectively, of the 
uninduced W3 110:pKTVl levels. Concentrations of etha- 
nol and succinate were decreased monotonically with in- 
creasing VHb dosage; ethanol and succinate measured from 
cultures with 3.8 pmol VHb/g DCW were about 50% of 
those of the uninduced culture values. Extracellular pyru- 
vate was only measurable toward the end of cultivation 
where a two- to threefold difference was observed between 
the uninduced, VHb-free and the VHb+ cultures (Table 11). 
Because of the small amount of pyruvate detected compared 
with other metabolites, extracellular pyruvate was excluded 
from further analyses (except for carbon balance, see be- 
low). 

Carbon and Redox Balances 

To examine whether all the carbon input was accounted for, 
a carbon balance analysis was performed on each cultiva- 
tion after 31 h of cell growth. When cells are grown in 

minimal media with glucose as the carbon and energy 
source, the incoming substrate can be recovered in the form 
of biomass, by-products, and carbon dioxide. Table 111 
shows the distribution of glucose into recovered biomass, 
excreted metabolites, and evolved C02 (from exhaust gas 
measurement) in millimoles of carbon. Based on cell com- 
position reported by Neidhardt,23 the cellular carbon con- 
tent of E .  coli grown in minimal media can be calculated as 
39.8 mmol carbon/g DCW. After summing the glucose in- 
put over 3 1 h of cultivation and multiplying the biomass and 
metabolite concentrations (in Table 11) by their respective 
carbon contents, the extents of carbon recovery of all 
W311O:pKTVl cultures were found to be 93% or higher of 
the total carbon input. 

A redox, or electron, balance was also performed as a 
consistency check for the carbon balance and, in addition, 
to cross-examine the accuracy of our CER measurement 
since it potentially carries the largest error (10%) of all 
assays reported in this study. For the electron balance, the 
net metabolic reactions of cells grown on glucose as the sole 
substrate can be expressed in millimoles of carbon as fol- 
lows: 

Table 111. Carbon balance of VHb-producing E .  coli (after 31 h of cultivation). 

where x, y ,  z ,  w, and v i  are the oxidation numbers of glu- 
cose, oxygen, biomass, CO,, and metabolites, respectively. 

Carbon balance (mmol carbon) 

VHb CO, 0 2  CO, Recovery 
(kmol/g DCW) Glucose” Biomassb C(Metabo1ites)’ (Off gas) (off gas) (redox bal.) (%) 

0 27 1 20.4 178 57.0 66.0 58.3 94 
0.5 28 1 27.2 158 16.9 86.7 82.5 93 
1.2 290 31.6 173 74.6 84.6 79.6 96 
2.3 34 1 38.7 207 81.4 88.6 82.4 96 
3.4 333 41.8 185 83.3 94.9 93.7 93 
3.8 333 45.7 20 1 91.5 100.0 98.8 102 

”Initial glucose concentration of 4 g/L plus 0.25 gih of feeding after culture A,, 1.5 and 0.5 g/h after A,, 3.0. 
bBased on 39 8 mmol carbonig DCW. 
‘Sum of excreted acetate, ethanol, formate, succinate, D-lactate, and pyruvate in mmol carbon. 
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The average oxidation state of cellular carbon ( z )  was esti- 
mated to be - 0.20 based on the oxidation of nitrogen and 
the reduction of sulfur that occur in cells grown in minimal 
media containing NH4+ and S042- .13  Using the method 
described in Neidhardt et al. ,24 the other oxidation numbers 
were calculated to be as follows: x ,  0; y ,  -4; w, +4; 

amount of oxygen consumed (in millimoles) was deter- 
mined from exhaust gas measurement. 

The theoretical CO, production was calculated from 
Equation (1) and compared with CO, evolution from ex- 
haust gas measurement (Table 111). Analysis showed that all 
CERs calculated from the redox balance of the different 
IPTG-induced cultures, except one, were within 93% or 
higher of the measured CO,. Results of carbon and redox 
balances indicate that our CER measurements were accurate 
and that our findings of improved growth yield and sup- 
pressed by-product excretion by VHb of microaerobic E .  
coli are correct. 

Vacetate? 0; Vethano13 - 2; Vformate, 1; Vsuccinate, 1; Vlactate, 0. The 

Effect of VHb Levels on Metabolic 
Flux Distribution 

Reduction of by-product formation indicates altered carbon 
metabolism. To gain insight on the effect of VHb on the 
flux distribution within central carbon metabolism, a met- 
abolic flux analysis was performed on these cultures. The 
theory behind such analysis has been described extensively 
elsewhere' ' 332-34. , therefore only the principle will be sum- 
marized below. Metabolic flux analysis enables one to es- 
timate the carbon flow through metabolic pathways by solv- 
ing mass balances on pertinent precursor metabolites. To 
construct a suitable metabolic map for flux distribution elu- 
cidation, the biochemistry of the metabolic reactions is first 
systematically incorporated. Then a metabolic quasi-steady 
state ( Q S S ) ,  in which the sum of the fluxes involved in the 
formation and degradation of a metabolite equals zero, is 
assumed (see Vallino and Stephanopoulo~~~ for a discussion 
of the validity of this assumption in this context). The met- 
abolic flux distribution within the network is then calculated 
from the following system of equations: 

S * v  = b (2 )  

where S is a matrix consisting of stoichiometric coefficients 
from the metabolic map, v is a vector of unknown metabolic 
fluxes, and b is a vector of known fluxes for measurable 
metabolite synthesis and for biomass formation. 

In our analysis, the reaction network was constructed 
primarily from established biochemistry in the literature'; 
included in this network were fluxes that lead to and depart 
from precursor metabolites that appear in the glycolytic 
pathway, the pentose phosphate pathway, and the tricarbox- 
ylic acid (TCA) cycle. In addition, the anaplerotic reaction 
catalyzed by phosphoenolpyruvate carboxylase for the con- 
version of phosphoenolpyruvate to oxaloacetate and the re- 
action catalyzed by pyruvate-formate lyase for the conver- 

sion of pyruvate to formate were included in the network of 
reactions. 

Fluxes leading to precursors for heme biosynthesis (to 
account for VHb) were insignificant (in kmol/g DCW/h) 
compared to typical catabolic fluxes (in mmol/g DCW/h) 
and were not included. The extra protein synthesis capacity 
needed for VHb expression was lumped into precursor me- 
tabolite fluxes to biosynthesis. The reaction network also 
contained carbon dioxide and NAD(P)H (NADH + 
NADPH) mass balances, which utilize information from the 
off-gas measurement. Fluxes for ATP generation and for 
NADH/NADPH interconversion catalyzed by NADH trans- 
hydrogenase, which are coupled with the reaction network, 
were calculated after Equation (2) was solved. The solution 
to Equation (2) was determined using a constrained least- 
square approach in which the objective was to minimize the 
sum of the squares of the residuals of the metabolite mass 
balances. The least-square problem was solved subject to a 
set of constraints which demanded positive fluxes for the 
irreversible steps and positive net flux of reducing equiva- 
lents. The Appendix presents the set of mass balance equa- 
tions from which S, v ,  and b were constructed, the con- 
straints, and a metabolic map which details the location of 
all the reactions. 

The effect of VHb dosage on E.  coli carbon flux distri- 
bution was analyzed using parameters measured during the 
late exponential growth phase (between hours 13 and 19) of 
the six glucose fed-batch cultivations (Fig. 2A). Flux to 
biosynthesis from each precursor metabolite was derived by 
multiplying the specific growth rate of cells by the molar 
requirement of each precursor for synthesis of 1 g bio- 
mass.24 Fluxes to extracellular metabolite excretions were 
obtained by dividing the rate of metabolite accumulation by 
the cell density. Metabolite fluxes are expressed in mmol/g 
DCW/h and listed in Table IV. Similar to our findings in the 
late fed-batch phase of cultivation, VHb has a negative 
effect on by-product formation during the exponential 
phase, although by a smaller magnitude than that during the 
late fed-batch phase (Table 11). Increasing VHb concentra- 
tions monotonically decreased the accumulation rates of all 
but one metabolite, from a maximal reduction of 35% in 
ethanol and succinate to 25% in formate and lactate. VHb 
did not appear to affect acetate flux during exponential 
phase since acetate accumulation rates of different cultures 
fluctuated around a mean. Table IV also shows that at least 
95% of the carbon influx was recovered in the form of 
biomass, CO,, and by-product fluxes from all six cultiva- 
tions. 

Based on random initialization of the nonlinear optimi- 
zation problem, the minimum sum-of-residuals-squared so- 
lution to Equation (2 )  was found for all six strains; the sum 
of the squares of the residuals was on the order of 
lop2 in all cases. The flux distributions of the uninduced, 
VHb-free control and the highest VHb-expressing cultures 
normalized to a same glucose consumption rate of 2.6 
mmol/g DCW/h are presented in Figure 3. A first inspection 
of these flux distributions confirms the biochemical and 
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Table IV. Carbon flux of VHb-producing E. coli (in exponential phase, 13-19 h). 

Carbon flux" 

mmol carbonig DCW h mmol/g DCW h 
VHb Recovery 

(pmoVg DCW) Gluc Biomassb CO, Acet ETOH Form D-Lac Suc (%) 

0 15.7 4.8 2.2 1.1 0.43 3.7 0.22 0.20 98 
0.5 16.4 5.1 1.8 1.6 0.38 3.5 0.32 0.19 97 
1.2 15.7 5.3 2.0 1.2 0.32 3.2 0.27 0.16 95 
2.3 14.8 5.7 1.9 1.0 0.34 2.8 0.18 0.13 95 
3.4 16.1 6.6 1.8 1.4 0.30 3.0 0.19 0.13 98 
3.8 15.4 6.4 1.5 1.4 0.28 2.8 0.16 0.12 97 

"Flux calculated from p(drnldr)l(dxldf), where rn denotes metabolite and n biomass. 
bCalculated from Qg,ucYx,g,uc. 

thermodynamic reasonability of the model, since no irre- 
versible reactions exhibit negative fluxes. Our model also 
indicates that the conversion of pyruvate to acetyl coenzyme 
A is catalyzed by pyruvate-formate lyase and not by pyru- 
vate dehydrogenase, as the calculated flux from pyruvate 
dehydrogenase amounted to zero. 

Examination of the overall flux distributions revealed two 
dramatic differences between the control and the VHb- 
expressing cultures. In the presence of VHb, fluxes through 
the pentose phosphate pathway are increased and, as a re- 
sult, fluxes through the Embden-Meyerhof-Parnas pathway 
are decreased Fluxes entering the TCA cycle are also de- 
creased with VHb expression. Comparing the two cases 
shown in Figure 3, the percentage of glucose that enters the 
pentose phosphate pathway, calculated by dividingf, by the 
sum of fg,uco,e, -f,, and f 6 ,  is 0% for the uninduced 
W3110:pKTVl culture and 45% for the induced culture. 
This increase is possibly due to an increased demand for 
NADPH of VHb+ cells as consequences of increased bio- 
synthesis and decreased TCA flux. 

The effect of VHb on fluxes leading to the TCA cycle can 
be studied by examining changes in the split ratios of carbon 
flux at important branch points, or nodes.,' The oxaloace- 
tate (OAA) branch split ratio at the phosphoenolpyruvate 
(PEP) node, calculated by taking the ratio off,, andf, (Fig. 
3), are 14% and 19% for the uninduced VHb-free control 
and the highest VHb dose cells, respectively. The isocit- 
rate (Iso-Cit) branch split ratio at the acetyl coenzyme A 
(AcCOA) node, the ratio off,, andf,,,,,, is 43% for the 
control and 18% for the VHbt cells. 

To check whether VHb dosage exerts a trend on the flex- 
ibility of the PEP and AcCOA nodes, we compared the 
split-ratios of these nodes under different VHb expression 
levels. Tables V and VI present the flux distributions and 
the split-ratios at the PEP and AcCOA nodes, respectively, 
for the six cultivations. The location of each flux can be 
found in Figure 3.  Results show that, in comparison to 
AcCOA, the node at PEP is more rigid with respect to VHb 
concentration; the OAA-branch split-ratio at PEP remains 
relatively unaffected between 14% and 19%. The node at 
AcCOA, on the other hand, is more flexible under high 
VHb concentrations. The IsoCit-branch split-ratio at AcCOA 

stays high around 34% with increasing VHb levels up to 2.3 
pmol/g DCW, but the ratio drops to 22% and 18% with 3.4 
pmol/g DCW and 3.8 pmol/g DCW of VHb, respectively. 
This analysis suggests that attempts to modify enzymatic 
activities at PEP are unlikely to bring changes in the fraction 
of carbon channeled to the TCA cycle at any VHb concen- 
tration. 

In contrast, the AcCOA node, which is flexible at high 
VHb levels, might be explored for possibilities of enzymat- 
ic modifications if a changed TCA flux is desired. Table VI 
also indicates that the fraction of fluxes to the pentose phos- 
phate pathway increases with increasing VHb concentration 
from 14% with 0.5 Kmol VHbig DCW to 45% with 3.8 
pmol VHb/g DCW. 

With a higher oxygen uptake rate, VHb-synthesizing 
cells can recycle NADH to NADt faster than the control 
cells, and the results show a respiratory-derived NAD+ flux 
of 5.46 mmol/g DCW/h for the 3.8 pmol VHb/g DCW 
culture and 3.38 mmol/g DCW/h for the VHb-cells. From 
the flux distribution analysis the activity of the NADH 
transhydrogenase can also be estimated. The rate of 
NADPH+NADH conversion by the transhydrogenase 
shows an inverse relationship with VHb concentration; the 
cells without VHb afford a NADPH flux of 0.6 mmoVg 
DCW/h while the cells with the highest VHb concentration 
generate 0.85 mmol/g DCW/h of NADH. The overall 
NAD(P)H balance reveals a higher NAD(P)H flux (fi6) for 
the uninduced, VHb-free cells than for the VHb-containing 
cells (2.68 vs. 0 mmol/g DCW/h; in Fig. 3). This indicates 
that cells are under a more oxidized state in the presence of 
VHb. 

Unexpectedly, cells synthesizing VHb produce less 
ATP from substrate-level phosphorylation than the control, 
VHb-free cells (fATpsp; Table v ) .  However, the ATP 
synthesis rate from oxidative phosphorylation, calculated 
from the oxygen consumption rate and assuming a P/O ratio 
of 2, compensates for this deficiency. As a result, cells with 
VHb afford on the average a 13% higher net (reaction 
network plus respiration) ATP flux (fATpovera1l) than the 
control cells (12.7 vs. 11.2 mmol/g DCW/h; Table V). The 
calculated values for fATPoverall may seem high, but we 
did not consider in the analysis futile cycles and slippage 
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L.DV (L.01) 

2.60 (2.57) Glucose - Glc6P 

-0.60 (NADH -> NADPH) 
0.85 (NADH <- NADPH) 

fm= 

Biomass Biomass 

Figure 3. Metabolic map for glucose fed-batch cultivations during exponential growth phase (between 
hours 13 and 19 of fermentation). Fluxes from cultures without VHb (plain numbers) and with 3 .8  Fmol 
VHbig DCW (italic numbers) are shown. Fluxes (in mmolig DCWih) were normalized to a same glucose 
consumption rate of 2.60 mmolig DCW h. The actual glucose uptake rates are shown in parentheses. Fluxes 
of cells with other VHb concentrations are summarized in Table V. 

or leakage of protons from the cytoplasmic membrane 
which might very well claim a large portion of the estimated 
overall ATP fluxes. Moreover, these values have been cal- 
culated for a P/O ratio of 2 .  In general this ratio is lower, 
and for microaerobic conditions it is much lower than 2. 
However, if we assume the same P/O ratio for each strain, 
the conclusion that VHb has a positive effect on the net ATP 
flux still holds. 

Prior metabolic flux analysis of E .  coti have compared 
the thermodynamic efficiencies of growth of different sys- 

tems based upon the net [2H] production in the central 
carbon metabolic pathways (this quantity is, in the notation 
used here, equal to 2f1 + f s  + f12 + f i 3  + f i 4  + 2f15 - 
26 - fi). l 1  Evaluation of the quantity for the VHb- culture 
gives 9.34 mol[2H]/g DCW/h and 8.15 mol[2H]/g DCW/h 
for the culture maximally induced for VHb expression. A 
smaller value indicates that these cells require less reducing 
power to generate the same amount of biomass, or, in other 
words, exhibit an increased thermodynamic efficiency of 
growth. 
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Table V. Summary of flux distribution of VHb-producing E .  coli. 

W3110:pKTVl with different VHb (pmolig DCW) 
Fluxes" 

(mmol/g DCW h) 0 0.5 1.2 2.3 3.4 3.8 

f,,, 
face, 

fr,, 
ha,  

f s u c  

fl 

f 2  

f 3  

f 4  

f 5  

.f7 

fs 
f 1 0  

fl I 

f 1 2  

fl, 

f i 4  

f 1 5  

fETOH 

f6  

f R  

f16 

fATP sp 

fATP overall 

fNADH rerp 

fm 

2.60 
1.10 
0.43 
3.69 
0.22 
0.20 
0 
2.61 
0.03 
0.05 
0.08 

-0.003 
2.60 
5.17 
5.01 
1.62 
0.72 
0 
1.60 
1.37 
1.14 
2.68 
4.43 

11.19 
- 3.38 
-0.6 

2.60 2.60 
1.52 1.19 
0.36 0.32 
3.32 3.18 
0.30 0.27 
0.18 0.16 
0.4 0.61 
2.18 1.97 

-0.07 -0.13 
0.18 0.31 
0.22 0.30 
0.11 0.18 
2.36 2.26 
4.78 4.64 
4.60 4.44 
1.38 1.22 
0.53 0.53 
0 0 
0.98 1.19 
0.85 1.04 
0.68 0.88 
0.70 0.87 
3.94 3.37 

12.30 13.29 
-4.18 -4.96 
-0.42 -0.01 

2.60 
1.05 
0.36 
2.95 
0.19 
0.14 
1.06 
1.51 

-0.27 
0.60 
0.46 
0.33 
2.10 
4.45 
4.23 
0.94 
0.56 
0 
0.99 
0.83 
0.69 
1.09 
2.39 

11.70 
-4.64 

0.37 

2.60 2.60 
1.36 1.42 
0.29 0.28 
2.91 2.83 
0.18 0. I6 
0.13 0.12 
1.35 1.66 
1.25 0.95 

-0.40 -0.53 
0.81 1.05 
0.56 0.66 
0.44 0.56 
2.10 2.08 
4.58 4.69 
4.33 4.43 
0.96 0.88 
0.66 0.82 
0 0 
0.64 0.50 
0.44 0.24 
0.30 0.06 
0 0 
2.26 2.14 

12.74 13.06 
-5.24 -5.46 

0.41 0.85 

'Fluxes were normalized to a same specific glucose uptake rate of 2.60 mmolig DCW h (from 

bNet ATP flux from substrate level phosphorylation. 

dNADH flux from the electron transport chain was calculated by multiplying Qo, by 2. Negat~ve 

"NADH synthesis by the NADPH/NADH transhydrogenase. 

Table I). 

- 
CfATP overall - f A T P  sp + fATP respiration' A Of 2.0 was assumed. 

flux denotes generation of NAD from NADH. 

DISCUSSION 

In this study we have demonstrated that, by modulating the 
synthesis of VHb over a wide range from zero to a level 
comparable to expression from high-copy-number plas- 
mids, cell growth was improved and by-product excretion 
was reduced with increasing VHb concentrations. Satura- 

Table VI. Effect of VHb levels on flux ratios." 

VHb % OAA' % IsoCitd 
(pmoVg DCW) % PPPb at PEP at AcCOA 

0 0 14 43 
0.5 14 12 30 
1.2 21 12 37 
2.3 33 13 34 
3.4 39 15 22 
3.8 45 19 18 

"Location of the fluxes is shown in Fig. 3. 
bPercentage of carbon through the pentose phosphate pathway: f l /  

'Oxaloacetate branch split ratio at phosphoenolpyruvate: f l  

dIsocitrate branch split ratio at acetyl coenzyme A: fi3/(fiZ + ff,,,,). 
(fg1ucose - f 3  + fd' 

tion of growth improvement due to VHb was readily ob- 
served from VHb concentration profiles of final cell density 
and specific oxygen consumption rate, which show that 
beyond 3.4 kmol VHb/g DCW, only marginal enhance- 
ments of these qualities were obtained. A metabolic distri- 
bution analysis revealed increasing VHb expression 
changed flux patterns to the pentose phosphate, TCA, 
NADH, and ATP pathways. 

The finding that VHb decreases E .  coli by-product for- 
mation has implication for the oxidation-reduction and en- 
ergetic state of cells under microaerobic conditions. Indeed, 
fermentative pathways for production of reduced metabo- 
lites are coupled with synthesis of ATP and/or oxidation of 
reducing equivalent/NADH. Formation of ethanol and suc- 
cinate result in production of 2 mol NAD+/mol metabolite. 
Lactate fermentation recycles 1 NADH to NAD + . Synthe- 
sis of acetate, although coupled to generation of 1 NADH, 
provides one molecule of ATP per molecule of acetate. The 
fact that E .  coli grown under our experimental scheme pro- 
duced large quantities of by-products indicates that cells 
were under heavily reduced conditions and were seeking a 
redox sink in the form of reduced metabolites. 

The observation that the presence of VHb greatly de- 
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pressed the formation of ethanol and succinate by more than 
50% relative to the control suggests that VHb+ cells could 
regenerate somewhere else the reducing equivalents that 
would otherwise originate from by-product synthesis. In- 
deed, our off-gas measurement showed an enhanced respi- 
ratory activity from VHb-synthesizing cells which suggest a 
higher turnover rate of NADH to NAD+ for the VHb+ 
cells. The metabolic flux distribution analysis also indicated 
that the VHb- cells are under a more reduced state by 
affording a net positive NAD(P)H flux while those of 
VHb+ cells produce smaller and, in some cases, zero 
NADH(P)H fluxes. This is similar to our previous obser- 
vation from culture fluorescence measurement of cells sub- 
jected to diminishing oxygen  transient^.^^ 

A decrease in acetate excretion and an increase in growth 
yield on glucose from VHb-expressing E .  coli imply that 
cells are more competent in providing ATP in the presence 
of VHb, possibly through a more active and/or efficient 
oxidative phosphorylation pathway. Our metabolic flux 
analysis indicates that VHb-producing cells synthesize a 
smaller ATP flux from substrate-level phosphorylation than 
the VHb- cells and rely on the oxidative phosphorylation 
pathway as a major contributor in energy synthesis. With a 
more active respiratory pathway, VHb producers can sup- 
port a higher ATP synthesis rate. This analysis is consistent 
with a nuclear magnetic resonance (NMR) study which 
demonstrated a higher ATP synthesis rate for the VHb- 
expressing E .  coli over its isogenic c o n t r o ~ . ~  

Judging from the growth patterns (Fig. 2A), VHb appears 
to play a role in prolonging cell growth during oxygen- 
limited conditions. Without VHb, cells ceased to grow after 
the end of exponential phase. The higher the VHb concen- 
tration, the longer the growth was sustained. Cells with the 
highest VHb concentration continued to grow beyond the 
endpoint of investigation. Suppressed by-product synthesis 
and enhanced respiration observed in VHb-expressing cells 
resemble characteristics of cells growing under elevated DO 
tensions. Our experimental data suggest that the degree of 
“oxygenation” in VHb-expressing cultures increases with 
increasing VHb concentrations until a saturation level is 
attained. In a metabolic performance optimization study in 
which the flux distributions under different dissolved oxy- 
gen tensions were computed with the objective of optimal 
growth rate, Varma et al.34 showed that the percentage of 
glucose entering the pentose phosphate pathway increases 
with increasing oxygenation rates, from 2% under anaero- 
bic conditions to 15% with 7 mmol O,/g DCW/h and to 
45% with 12 mmol O,/g DCW/h. Coincidentally, our met- 
abolic distribution analysis also reveals a more active pen- 
tose phosphate pathway under increasing VHb concentra- 
tions. A proposed mechanism of VHb action in enhancing 
intracellular effective dissolved oxygen tension by provid- 
ing additional oxygen to the terminal oxidases of E .  coli has 
been discussed elsewhere. l4 

The finding of VHb perturbs the flux distribution of cen- 
tral carbon metabolism in addition to the previously re- 
ported enhancements in microaerobic respiratory pathway 
suggests new perspectives for the application of VHb. The 

pentose phosphate pathway is important, not only for its 
function in generation of NADPH as reducing agent for 
biosynthesis, but also in the production of precursors for 
aromatic amino acid synthesis. An increase in the flow of 
carbon through the pentose phosphate pathway by VHb 
might affect key enzymes and enhance synthesis of aro- 
matic amino acids. In contrast, the predicted decrease in 
fluxes through oxaloacetate and a-ketoglutarate, which 
serve as precursor metabolites for 10 amino acids, may 
discourage cloning of VHb for the sole purpose of improv- 
ing yields of TCA derived amino acids. 

This research was supported by the Swiss Priority Program in 
Biotechnology. The authors are grateful to H.  Holms for his 
helpful suggestions on flux distribution analysis. 

NOMENCLATURE 

Glc6 glucose-6-phosphate 
Ribu5P ribulose-5-phosphate 
Xyl5P xylulose-5-phosphate 
RihSP ribose-5-phosphate 
Fru6P fructose-6-phosphate 
T3P triose-3-phosphate 
E4P erythrose-4-phosphate 
Sed7P sedoheptulose-7-phosphate 
3PG 3-phosphoglycerate 
PEP phosphoenolpyruvate 
Pyr pyruvate 
AcCOA acetyl coenzyme A 
OAA oxaloacetate 
aKG a-ketoglutarate 
IsoCit isocitrate 
Suc succinate 
Form formate 
ETOH ethanol 
Acet acetate 
Lac lactate 

APPENDIX 

This appendix contains the mass balances and the flux dis- 
tribution map used to construct the metabolic network of E .  
coli W3110:pKTVl. 

Metabolite Flux Vector 

A constrained least-square approach was applied to estimate 
the fluxes from the following mass balances. The objective 
of this approach was to minimize the sum of the squares of 
the residuals of the metabolite mass balances. The con- 
straints applied were positive fluxes for the irreversible re- 
actions and positive net flux of reducing equivalents. Lo- 
cation of each flux can be found in the accompanying met- 
abolic map (Fig. Al) .  Fluxes with numeral subscripts 
denote unknown fluxes, and fluxes with letter subscripts 
denote either measurable fluxes or biosynthesis fluxes cal- 
culated from the biomass synthesis requirements of each 
precursor metabolite. In addition, fco, andfOz are the car- 
bon dioxide evolution rate and the oxygen uptake rate, re- 
spectively, measured from the off-gas. Here,f,, is the net 
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Figure A l .  Flux distribution map. 

NADH flux from NADPH/NADH transhyrogenase and 
fATP,, is the net ATP flux from substrate level phosphory- 
lation. 

Mass balances: 

1. Glc6-P: f a  - f b  - f2 - fi = 0 
2. Ribu5P: f l  - f s  - f4 = 0 
3.  Xyl5P: f4 + f3 - f6 = 0 
4. Rib5P: 
5. Fru6P: 
6. T3P: 

f s  - f q  - f6 = 0 
f2 - f ,  - f7 - f3 -k f6 = 0 
2f7 - f d  - f 8  - f3 + f6 - f6 
= o  

7. E4P: 
8. 3PG: 

f3 + f s  - f p  = 0 
f g  - f ,  - f s  = 0 
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fi 
Constraints: 17. Khosla, C . ,  Curtis, 3 .  E., DeModena, J. ,  Rinas, R., Bailey, J. E. 

1990. Expression of intracellular hemoglobin improves protein syn- 
3 0  f 7 2 0  f l O 2 0  f I Z  3 0 fl6 2 0 thesis in oxygen-limited Escherichia coli. BioiTechnol. 8: 849-853. 

18. Khosravi, M., Webster, D. A., Start, B. C. 1990. Presence of bac- 
NAD(P)H trunshydrogenase (fTR): terial hemoglobin gene improves a-amylase production of a recom- 

binant Escherichia coli strain. Plasmid 24: 19@194. 
19. Konstantinov, K. B. ,  Nishio, N. ,  Seki, T., Yoshida, T. 1991. Phys- 

iologically motivated strategies for control of the fd-batch cultivation 
of recombinant Escherichia coli for phenylalanine production. J .  

2fl + f13 - fbiosyninadp = fTR 

ATP: 
~~ 

- Ferm. Bioeng 71: 35CL355. 
20. Laemmli, U. K. 1970. Cleavage of structural proteins during the as- 

sembly of the head of bacteriophage T4. Nature 227: 6 8 M 8 5 .  

f8 + f10 - f7 + $ + f14 - fbiosyniatp - fATP,, 
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