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Abstract

We present redirection of electron flow to more efficient proton pumping branches within respiratory chains as a generally
applicable metabolic engineering strategy, which tailors microbial metabolism to the specific requirements of high cell density
processes by improving product and biomass yields. For the example of riboflavin production by Bacillus subtilis, we reduced the
rate of maintenance metabolism by about 40% in a cytochrome bd oxidase knockout mutant. Since the putative Yth and the caas
oxidases were of minor importance, the most likely explanation for this improvement is translocation of two protons per transported
electron via the remaining cytochrome aaz oxidase, instead of only one proton via the bd oxidase. The reduction of maintenance
metabolism, in turn, significantly improved the yield of recombinant riboflavin and B. subtilis biomass in fed-batch cultures.

© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Over the last decade, biotechnological production of
many chemicals has become commercially competitive
to preexisting chemical synthesis routes (Chotani et al.,
2000). This development was largely driven by recombi-
nant DNA technology, in what is now referred to as
metabolic engineering (Bailey, 1991; Koffas et al., 1999;
Nielsen, 2001). Once central metabolic and specific
biosynthetic pathways are optimized for a given
product, general traits of the production host govern
biological, and thus, also commercial process perfor-
mance. One important general trait is the rate of
maintenance metabolism and, more specifically, the
energetic investment for an organism to remain in a
viable and active state without growth, which is
quantified by the so-called non-growth associated
maintenance energy coefficient (Pirt, 1965; Russell and
Cook, 1995). This value is an intrinsic property of an
organism and becomes a critical process variable in
industrial fed-batch fermentations with slow growing
cells (Stouthamer and van Verseveld, 1987). In fermen-
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tations for penicillin production, for example, about
70% of the carbon source is utilized for maintenance
(Heijnen et al., 1979), thus detracting from the available
resources for product or biomass formation.

Similarly, theoretical (Sauer and Bailey, 1999; Sauer
et al.,, 1998) and experimental (Dauner et al., 2002;
Sauer et al., 1996) evidence suggested that commercial
production of riboflavin, vitamin B2, with recombinant
Bacillus subtilis (Perkins et al., 1999) requires efficient
energy generation and low maintenance metabolism.
Since pathway engineering of riboflavin biosynthesis has
attained a sophisticated level (Hiimbelin et al., 1999)
and precursor supply appears abundant (Dauner et al.,
2001; Sauer et al., 1997), we attempt here to improve
riboflavin production by increasing the efficiency of
energy generation.

As in most other microbes (Richardson, 2000; Trum-
power and Gennis, 1994), B. subtilis possesses a
branched respiratory chain consisting of both quinol
(encoded by the cyd, gox and yth operons) and
cytochrome ¢ (encoded by ctaCDEF) terminal oxidases
(Fig. 1) (Calhoun et al., 1993; Neijssel and Teixeira de
Mattos, 1994; Richardson, 2000). The use of a particular
oxidase for energy generation is governed primarily by
the environmental conditions such that energy coupling
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Fig. 1. Composition of the aerobic electron transport chain of
B. subtilis. The dashed arrow indicates a putative pathway. The
stoichiometry of energy coupling was estimated from the reported
mechanisms of proton translocation (Trumpower and Gennis, 1994).
NDH-II is the NADH:menaquinone reductase.

can be modulated to growth parameters e.g. availability
of oxygen, carbon source, etc. Depending on the
composition of the respiratory chain, between 1 and
3-4 protons may be translocated per transported
electron (Sauer and Bailey, 1999; von Wachenfeldt and
Hederstedt, 2002). The resulting proton gradient across
the membrane, in turn, is then exploited for ATP
generation via the F{FyATP synthase. The industrially
important Bacilli, in particular, appear to operate their
respiratory chains well below the theoretical maximum
(Christiansen and Nielsen, 2002; Sauer and Bailey, 1999;
Sauer et al., 1996). The presented metabolic engineering
strategy redirects the electron flow within the respiratory
chain to a more efficient branch. By engineering cellular
energetics and maintenance metabolism, we present a
general strategy for improving otherwise optimized,
industrial bioprocesses.

2. Materials and methods
2.1. Strains and molecular genetics

B. subtilis RB50 contains several chemically intro-
duced purine and riboflavin analog-resistant mutations
that deregulate the biosynthetic pathway (Perkins et al.,
1991; 1999). In RB50::pRF69, the native, chromosomal
rib operon is replaced by a copy of the constitutively
expressed, recombinant B. subtilis rib operon, pRF69,
that contains also a chloramphenicol resistance marker
(Perkins et al., 1991; 1999). To increase production in
fed-batch experiments with constant feed profiles, the
recombinant rib operon was amplified by chloramphe-
nicol selection (Dauner and Sauer, 2001). The resulting
strain RB50::[pRF69], contains multiple chromosomal
copies of the recombinant rib operon.

The gox, cyd, and yth knockout mutations were
initially constructed in B. subtilis 1012 by partial

replacement of the relevant genes on the chromosome
with antibiotic resistance cassettes. To construct a gox
deletion—insertion mutation, a 2.2-kb DNA fragment
containing the goxAB genes, was amplified by PCR
using B. subtilis wild-type strain 1012 genomic DNA as
a template and primers QoxA+1 (5-GAGAGGATCC-
GAAAGGACCTGTAGC-3') and QoxB-1 (5-GAGA-
GAATTCTTTCGTTCAGCTTGTGG-3). The PCR
product was purified using the QIAquick PCR purifica-
tion kit (Qiagen Corp.) and was cloned directly into
pGEM T-Easy vector, resulting in plasmid pSM7.
Plasmid pSM7 was digested with Bc/l to remove a 1-
kb fragment encompassing the very 3’ end of goxA4 and
the 5’ half of goxB. The 1.2-kb spectinomycin-resistance
cassette from plasmid pDG1726 (Guérout-Fleury et al.,
1995) was amplified with PCR using primers Spc+1
(5-GCGCTGATCATCGATTTTCGTTCGTG-3') and
Spe-1 (5-GAGATGATCACCAATTAGAATG-3).
After purification and Bcll digestion, the spectinomy-
cin-resistance cassette was cloned into Bcll-digested
pSM7 to give plasmid pQox-Spec. Plasmid pQox-Spec
was linearised and transformed into competent B.
subtilis 1012 cells. Transformants were selected on
TBAB plates containing spectinomycin to a final con-
centration of 100 pg/ml. To construct a cydBC deletion—
insertion mutation, a 3.4-kb DNA fragment was
amplified with PCR from the wild-type strain 1012
using primers CydA+1 (5-GAGAGGATCCGATGT
CTATCGGGC-3') and CydC-1 (5-GCGCGGATCCG
TCAGGAAGG-3'). The purified PCR product was
ligated into the pGEM-T Easy vector, resulting in
plasmid pNMR20. Plasmid pNMR20 was digested with
Bcll removing 1.4-kb encompassing most of ¢ydB and
the 5 half of c¢ydC. The 1.2-kb neomycin-resistance
cassette from plasmid pBESTS501 (Itaya et al., 1989) was
amplified using primers pBESTBcl+1 (5-GAGATGAT-
CAGCTTGGGCAGCAGGTCG-3') and pBESTBcl-
1 (5-GAGATGATCATTCAAAATGGTATGCG-3')
using PCR, purified, digested with Bc/l, and cloned into
Bcll-digested pNMR20 to give plasmid pNMR2I1.
pNMR21 was linearised with PstI and transformed into
B. subtilis wild-type strain 1012 and selected on TBAB
plates containing neomycin to a final concentration of
S ug/ml. To construct a yth deletion—insertion mutation,
a 1.3-kb DNA fragment was amplified with PCR
from the wild-type strain 1012 using primers YthA+1
(5-TTGGCCAGAAGCCTTTTTGGCACG-3)  and
YthA-12 (5-GCGGAGCCATTACGACTCCGCTG-3).
The purified PCR product was ligated into the pGEM-T
Easy vector, resulting in plasmid pNZ3. Plasmid pNZ3
was digested with Bcll removing 648-bp in the middle of
ythA. The 1.6-kb erythromycin-resistance cassette from
plasmid pDG646 (Guérout-Fleury et al., 1995) was
digested with Bc/l, and cloned into Bc/l-digested pNZ3
to give plasmid pNZ4. Scal-linearised plasmid was
transformed into B. subtilis wild-type strain 1012 and



N. Zamboni et al. | Metabolic Engineering 5 (2003) 49-55 51

Table 1

Constructed respiratory mutants of B. subtilis RB50::pRF69

Strain Relevant genotype

RB50::pRF69 spo0A rib::pRF69(cam)

cyd spo0A rib::pRF69(cam) cydBC::neo

qox spo0A rib::pRF69(cam) qoxAB::spc

yth spo0A rib::pRF69(cam) ythAB::ery

cyd qox spo0A rib::pRF69(cam) cydBC::neo qoxAB::spc

cyd yth spo0A rib::pRF69(cam) cydBC::neo ythAB::ery

selected on TBAB plates with 0.5pg/ml erythromycin.
Correct integrations of the construct in the 1012 chromo-
some by double crossover were controlled by Southern
hybridisation and PCR analysis. B. subtilis RB50::pRF69
mutants were obtained by bacteriophage PBSI1 transduc-
tion from the constructed 1012 strains (Harwood and
Cutting, 1990) (Table 1), and correct insertions were
verified by PCR analysis.

2.2. Growth conditions and media

Strains for recombinant DNA experiments were
grown in Luria—Bertani broth (LB). TBAB (Difco,
Chicago, USA) was used for solid cultures on plate.
Neomycin, spectinomycin, erythromycin, and/or chlor-
amphenicol were added when needed to final concentra-
tions of 5, 100, 0.5, and 20mg/L, respectively. Seed
cultures for shake flasks, chemostat, and fed-batch
cultures were inoculated from frozen stocks and grown
in M9 minimal medium (Harwood and Cutting, 1990) in
the presence of antibiotics. All further cultivations were
done without antibiotics. Batch cultures for physiologi-
cal analyses were grown in shake flasks containing
M9 minimal medium with 5g/L glucose. Glucose-
limited chemostat cultures were grown in minimal
medium (Sauer et al., 1996) with 3.6 g/L glucose in a
1.5L bioreactor (Bioengineering, Wald, Switzerland) at
37°C. Fully aerobic conditions with dissolved oxygen
levels above 40% were ensured by a constant air flow of
1 L/min and an agitation speed of at least 1000 rpm.The
continuous mode was initiated either slightly before or
immediately after glucose depletion in batch culture.

Glucose-limited fed-batch cultures were grown in a
2L bioreactor (Adaptive Biosystems, London, Eng-
land). Quantitative physiological characterization was
performed at 37°C in minimal medium containing in
the batch 8g/L glucose, 1.36g/L NH4Cl, 1.72g/L
(NH4),SOy4, 0.05g/L Na,HPO,-2H,O, 0.4g/L KH,
PO, 0.1g/L NaCl, 0.16g/L MgSO,-7H,0, 19mg/L
CaCl,-2H,0, 4mg/LL FeSO4-7H,0, and 1.03ml/L
of trace salts with 09g MnCl,-4H,0O, 525mg
ZnCl,, 27 mg CuCl,-2H,0, 40 mg CoCl, - 6H,0, 40 mg
Na,MoOy-2H,0, and 100 mg AICl; - 6H,O per liter of
stock solution. In the feed medium, the same compo-
nents were added to 37.5-fold higher concentrations,

resulting in a solution containing 300 g/L. glucose. The
feed was initiated at a rate of 1.55ml/L(culture)/h and
then increased exponentially at a rate of 0.05 h~! through-
out the fermentation using a computer-controlled
Ismatec MPC Standard pump and the Labworldsoft
software (Ismatec SA, Glattbrugg, Switzerland).

For industrial process conditions, a partly complex
medium and a constant feeding profile were used at a
temperature of 39°C. The batch medium contained
0.75g/L Na-glutamate, 4.71 g/L KH,PO,4, 4.71 K,
HPO,, 4.11g/L Na,HPO,-2H,0, 0.23g/L NH,CI,
1.41g/L (NH4),SOy4, 11.77g/L yeast extract (Difco),
27.3 g/L glucose - H,O, 1g/L MgSO,-7H,0, 62.5mg/L
CaCl,-2H,0, 14.6 mg/L. MnSO, - H,0, 4mg/L. CoCl, -
6H20, 0.3 mg/L N32M004 . 2H20, 1 mg/L A1C13 . 6H20,
0.8mg/L CuCl,-2H,0, 4mg/L ZnSO,-7H,0, and
40 mg/L. FeSO,4-7H,O. The feed solution containing
655.2 g/L glucose - HO was supplied at an initial rate of
13.3ml/L/h for 2h and at 14.7ml/L/h for the remainder
of the cultivation. Stirring speed at 1500 rpm and air
flow between 3 and 5L/min ensured dissolved oxygen
levels above 15% throughout the cultivations.

2.3. Analytical techniques and determination of
physiological parameters

Concentrations of carbon dioxide and oxygen in the
reactor feed and effluent gas were determined with a
mass spectrometer (Prima 600, Fisons Instruments).
Concentrations of cellular dry weight (CDW) was
determined from a least eight parallel 10-ml cell
suspensions, which were harvested by centrifugation,
washed with distilled water, and dried at 110°C for 24h
to a constant weight. For riboflavin measurements,
culture samples were diluted with 0.2M NaOH to the
linear range of the spectrophotometer and the A4y was
immediately measured. Glucose, riboflavin, organic
acids, acetoin, and diacetyl in the culture supernatant
were determined as described previously (Dauner et al.,
2002; Sauer et al., 1996).

In batch culture, the exponential growth phase was
identified by log-linear regression analysis of biomass
concentration versus time, with growth rate (i) as the
regression coefficient. Physiological parameters in che-
mostat cultures were determined in steady state, defined
as at least 5 volume changes after adjusting to a new
dilution rate (D) and stable optical density as well as
oxygen uptake and carbon production rate for mini-
mally 1 volume change. Under such steady-state
conditions, consumption and production rates of sub-
strates (S) and products (P) were determined from their
concentration difference in the feed medium (or air) and
the effluent broth (or gas). Specific consumption or
production rates (gs or ¢,) were obtained from the
relationship g5 (or g,)=AS (or P) (D/X), where X is
the steady-state biomass concentration. Using the
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relationship
qelc = .“( Ymax)_l + Mmge, (1)

where Y"** is the maximum molar growth yield and mg,
is the maintenance coefficient (Pirt, 1965; Russell and
Cook, 1995), the maintenance requirements in terms of
glucose were calculated by linear regression analysis of
qqic at different D as the intercept with the Y-axis. These
qgic values were corrected for the glucose required for
riboflavin formation.

3. Results and discussion
3.1. Construction of respiration mutants

A series of mutants with altered respiratory chains
was constructed by transduction of the gox, cyd, and/or
yth operons (Fig. 1) that were partially substituted by
inserted antibiotic resistance markers into the riboflavin-
producing B. subtilis strain RB50::pRF69 (Dauner et al.,
2002; Perkins et al., 1991; Perkins et al., 1999) (Table 1).
The phenotypic characteristics were quantitatively
assessed in batch cultures grown in glucose-containing
minimal medium. Growth of the cyd and yth single and
double mutants was indistinguishable from their parent
with a pm.x of about 0.45 h~!, while the gox mutant
grew significantly slower at a pima, of 0.36h™' as was
described earlier (Santana et al., 1992), and the cyd qox
double mutant did not grow at all on minimal medium.
In contrast to the B. subtilis type strain 168 (Winstedt
and von Wachenfeldt, 2000), the RB50::pRF69 cyd qox
double mutant grew under aerobic conditions on
complex medium. However, growth was extremely
weak, since the double mutant attained ODg, values
of maximally 0.1, while all others grew to values
exceeding 2. These results indicate that neither the
YthAB nor the cytochrome ¢ oxidase branch contribute
significantly to electron flow during exponential growth
in batch culture.

Largely in agreement with results obtained with the
type strain 168 (Winstedt and von Wachenfeldt, 2000),
our experiments reveal that the aa; and bd quinol
oxidases are the predominant constituents of the B.
subtilis respiratory chain under the conditions investi-
gated. While their relative contributions to electron flow
are unknown, either oxidase is fully capable of support-
ing growth alone. Consequently, RB50::pRF69 cyd is
expected to rely primarily on the aa; oxidase branch,
and thus to exhibit a higher energetic coupling efficiency
than the parent (Fig.1). Since RB50::pRF69 cyd is
defect in maturation of cytochrome bd (cydC deletion),
we can exclude the function of other, potentially
unrecognized cytochrome bd oxidases (Winstedt and
von Wachenfeldt, 2000).

3.2. Maintenance metabolism

To assess the impact of potentially increased energetic
coupling efficiency on growth, RB50::pRF69 and its cyd
mutant were grown in glucose-limited chemostat cul-
tures over a large range of dilution rates. To avoid
potential occurrence of mutants with reduced riboflavin
productivity (Sauer et al., 1996), we inoculated cultures
newly for each steady state. While the steady state
biomass concentration of the control exhibited the
typical hyperbolic correlation with D, the c¢yd mutant
biomass concentration decreased above a critical D of
about 0.075h™' (Fig.2), revealing reduced biomass
yields that were accompanied by enhanced overflow
metabolism to acetate (data not shown). Below the
critical D, however, the mutant used the available
glucose more efficiently and grew to higher concentra-
tions than the control. This improved biomass yield at
low Ds indicates that the bd oxidase catalyzes a
significant fraction of the electron flow in slow-growing
B. subtilis under carbon limitation, and that the aa;
oxidase can readily substitute this function. Since both
strains had comparable specific oxygen consumption
and carbon dioxide production rates above the critical D
(Fig. 3), the apparent growth defect and the associated
overflow metabolism of the cyd mutant at high Ds is
seemingly not related to insufficient aas oxidase activity.
A possible explanation for this behavior is reduced
oxygen scavenging by the aa; oxidase at high rates of
respiration. Consistently, the B. subtilis aaz oxidase
affinity for oxygen is approximately 100-fold lower than
that of the bd oxidase (Garcia-Horsman et al., 1991;
Rice and Hempfling, 1978). Thus, electron flow through
the aa; oxidase alone may not be sufficient to eliminate
excess reducing equivalents, hence leading to deleterious
effects on cell growth. Alternatively, increased ATP
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0.0 } f
0.0 0.1 0.2 0.3
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Fig. 2. Effect of dilution rate in glucose-limited chemostat culture on
the steady-state biomass concentration of RB50::pRF69 (control) and
its cyd mutant.
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Fig. 3. Effect of dilution rate in glucose-limited chemostat culture on
the specific rate of glucose consumption (a), oxygen uptake (b), and
carbon dioxide production (c) of RB50::pRF69 (control) and its cyd
mutant. Lines in (a) represent the best fit from linear regression or a
second-order polynomial fit for the control and c¢yd mutant,
respectively.

generation may trigger overflow metabolism in the cyd
mutant at higher D values.

To quantify the rate of maintenance metabolism, we
plotted the specific glucose uptake rate (gqc) as a
function of D (Fig. 3a). The control strain exhibited a
linear correlation, which, when extrapolated to a D of
zero, yielded a non-growth associated maintenance
energy coefficient of 0.67 mmol glucose/g CDW/h. This
value compares favorably with the previously reported
value of 0.65mmol/g/h for a similar riboflavin-produ-
cing B. subtilis (Sauer et al., 1996). In contrast, the cyd
mutant showed a non-linear correlation with signifi-
cantly lower gy values below the critical D than in the
control. The corresponding maintenance coefficient of
0.39 mmol/g/h is 40% lower than that of the control. A
very likely explanation for this reduced maintenance
demand is the increased coupling efficiency of respira-
tory energy generation by electron flow redirection from
the bd to the aas oxidase.

Previous work on Escherichia coli respiratory mutants
showed that the rate of respiration depends on the
coupling efficiency of the aerobic respiratory chain,
since an improvement of the coupling efficiency leads to
lower specific oxygen consumption rates and vice versa
(Calhoun et al., 1993). In contrast to E. coli, the rate of
respiration in B. subtilis appears not to be driven directly
by the energy demand because we found similar specific
oxygen consumption rates.

3.3. Riboflavin production in exponential fed-batch
culture

Based on the hypothesis that efficient supply of ATP
is critical for production of riboflavin (Dauner et al.,
2002; Sauer and Bailey, 1999), the apparently reduced
energetic expenditures for maintenance metabolism
should increase riboflavin formation in RB50::pRF69
cyd. Hence, both strains were grown in minimal medium
fed-batch cultures with an exponentially increasing feed
rate of 0.05h™' profile that ensures a growth-limiting
but constant specific glucose supply per g cells. Since
both strains grew exponentially with an experimentally
determined rate of 0.045h ™' (Fig. 4) their biomass yields
were similar. However, the riboflavin yield on glucose of
the cyd mutant was 0.032 g g, compared to 0.028 gg for
the control at around 24 h. Consequently, a 30% higher
riboflavin titer was accumulated by the c¢yd mutant
compared to the control after 48 h. Thus, the fed-batch
culture conditions apparently favored riboflavin pro-
duction rather than higher biomass yields, as was seen in
the previous chemostat experiments.

3.4. Riboflavin production in industrial fed-batch culture
To achieve commercially relevant riboflavin titers the

recombinant rib operons of both strains were amplified,
yielding RB50::[pRF69],, and RB50::[pRF69], cyd. Both

ODEOO

Riboflavin concentration (g/L)

Feed time (h)

Fig. 4. Time profiles of riboflavin concentration (circles) and ODygqq
(squares) of B. subtilis RB50::pRF69 (open symbols) and its cyd
mutant (closed symbols) in glucose-limited fed-batch culture (minimal
medium) with an exponentially increasing feed rate of 0.05 h™"'.
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Fig. 5. Time profiles of biomass (a) and riboflavin concentration (b) of
B. subtilis RB50::[pRF69], (open symbols) and its cyd mutant (closed
symbols) in glucose-limited fed-batch culture (complex medium) with a
constant feeding profile. Representative examples of at least two
independent cultivations with each strain are shown. The biomass
concentration was calculated from ODyggy measurements, using 0.33 g
CDW/L per unit ODgg as conversion factor.

strains were then grown in complex medium fed-batch
cultures using a feeding profile from the industrial
process. After conclusion of the 6 h batch phase, feeding
was initiated at a cell density of about 6 g CDW/L and
previously accumulated metabolic by-products such as
acetate and acetoin were co-metabolized with glucose
and presumably complex medium components during
the initial feeding period. During the initial feed phase,
the RB50:[pRF69], c¢yd mutant grew faster and
accumulated significantly more riboflavin than the
control, 12.3 and 8.9g/L after 30h, respectively
(Fig. 5). Although after 20h feeding both strains grew
below the critical rate, at this point the cyd mutant
biomass yield is only 0.05g CDW/g glucose compared
to 0.08 g CDW/g for the control. This is presumably a
consequence of the higher concentration of accumulated
biomass for the c¢yd mutant and thus reduced avail-
ability of glucose per cell at this time point. While the
riboflavin yield decreased in both strains over time,
the cyd mutant exhibited consistently higher yields than
the control (0.041 and 0.032 g riboflavin/g glucose for
the cyd mutant and the control after 24 h, respectively).
Thus, increasing the efficiency of energy coupling not only
reduces maintenance requirements, but also improves the
overall yield of recombinant riboflavin production.

The presented results suggest that increasing respira-
tory energy generation is a general strategy to improve
product yields in industrial bioprocesses with significant
maintenance metabolism. Typical cases are high cell
density fed-batch cultures, and one such example could
be amino-acid production with Corynebacterium gluta-
micum, which, like B. subtilis, employs alternative
electron transport chains of the bd- and aas-type
with different coupling efficiencies (Niebisch and Bott,
2001).
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