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Abstract

Escherichia colioverexpressing a NADdependent formate dehydrogenase (FDH) fiéandida boidiniiwas grown in
chemostat culture on various carbon sources at 0:88liution rate, under anaerobic conditions using defined medium and
compared to a control without the heterologous FDH pathway. Metabolic fluxes, NADH/X&#IDs and NAD(HY) levels were
determined under a range of intracellular NADH availability. The effect of NADH manipulation on the distribution of metabolic
fluxes inE. coliwas assessed under steady-state conditions.

The heterologous FDH pathway converts 1 mol of formate into 1 mol of NADH and carbon dioxide, in contrast with the native
FDH where no cofactor involvement is present. Previously, we found that this NADH regeneration system doubled the maximum
yield of NADH from 2 to 4 mol NADH/mol glucose consumed and reached 4.6 mol NADH/mol of substrate when sorbitol was
used as a carbon source in a complex medium.

In the current study, it was found that higher NADH yields and NADH/NA®tios were achieved with our in vivo NADH
regeneration system compared to a control lacking the new FDH pathway in the three carbon sources (glucose, gluconate and
sorbitol) examined suggesting a more reduced intracellular environment. The total NABGrunts were very similar for all
the combinations studied. It was also found that the ethanol to acetate ratio increased with increased NADH availability. This
ratio increased from 1.05 for the control strain in glucose to 9.45 for the strain expressing the heterologdedei@ndent
FDH in sorbitol.
© 2005 Elsevier B.V. All rights reserved.
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to reduce metabolic intermediateGlérk, 1989; De (Berfios-Rivera et al., 2002b),c overexpressing an
Graef et al., 1999(Fig. 1). Therefore, in fermentation, enzyme in the NAD salvage pathway (NAPRTase;
alterations in the availability of NADH should have a pncB (Berrios-Rivera et al., 2003d eliminating

profound effect in the whole metabolic network. NADH competing pathwaysBerrios-Rivera et al.,
Our previous studies established cofactor manipu- 2003 and varying the NADH availability by combin-
lations for the NADH/NAD cofactor pair as an addi-  ing external and genetic means, i.e., feeding different

tional tool for metabolic engineering. We investigated carbons sources with different oxidation states t&an
different external and genetic means of increasing the coli strain overexpressing an NABlependent FDH
availability of NADH and examined the effect of these thus achieving a range of NADH availability in anaer-
manipulations on the distribution of metabolites in obic tube experiment8grios-Rivera et al., 2004
Escherichia coli The strategies included feeding car- In previous studiesHerrios-Rivera et al., 2002b,c,
bon sources with different oxidation statédgm and 2009, we increased the availability of intracellular
Clark, 1989; San et al., 2002; Bers-Rivera, 2002a NADH in vivo by regenerating NADH through the het-
overexpressing an enzyme that can regenerate NADH erologous expression of a NABdependent formate
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Fig. 1. Central anaerobic metabolic pathwafotoli. The generation of NADH, regeneration of NADncluding the NAD -dependent formate
dehydrogenase (FDH) fro@andida boidinij and the differences in the oxidation of glucose, sorbitol and gluconate as they enter into glycolysis
are shown. The heterologous FDH pathway is shown in bold arrows and inside the dotted-line box. Note differences in NADH production. The
fluxes through each pathway are designatgebo.
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dehydrogenase (FDH) fro@andida boidiniin E. coli. Table 1

This NAD*-dependent FDH pathway converts 1 mol List of strains and plasmids

of formate into 1 mol of NADH and carbon dioxide Significant genotype  References

(Fig. 1). In contrast, the native FDH converts formate = strains

to CO, and K with no cofactor involvement. The GJT001  Laboratory wild type Tolentino et al. (1992)
NAD*-dependent FDH system allows the cells to re- spontaneousadR

tain the reducing power that otherwise will be lost by g"r;’;a”t of MCA4100,

release of formate or hydrogen in the native pathway. pjasmids

This NADH regeneration system doubled the maxi- psSBF2 fdhifrom yeast Berfios-Rivera et al. (2002b)
mum yield of NADH from glucose from 2 to 4 mol Candida boidiniiin

NADH/mol substrate consumed in complex medium. PDHK30, Kt

pDHK29 Control vector, KR Phillips et al. (2000)

In the case where sorbitol (a sugar more reduced than
glucose) was used as a carbon source, a NADH yield of
4.6 mol NADH/mol substrate was obtained using com-
plex medium under batch conditiorBdrrios-Riveraet  glycerol stock. This culture was grown at 32 and
al., 2009. The higher NADH availability significantly ~ 250 rpm in a rotary shaker for 8-12h. Then, 140
changed the final metabolite concentration pattern un- of the 5-ml culture was transferred to 50 mL of LB
der anaerobic conditions. in a 250 ml shake flask with 100 mg/L of kanamycin,
The current study examines the effect of a range and grown at 37C and 250 rpm for 8-12h. A 40 mL
of NADH availability levels on the distribution of  volume of this culture was centrifuged and resus-
metabolic fluxes irE. coli using defined medium in  pended in 6 mL of LB medium and used to inoculate
chemostat cultures. Different levels of NADH avail- the bioreactor. The inoculum constituted 1% of the
ability were achieved by combining two strategies of liquid volume in the bioreactor.
cofactor manipulation, namely feeding carbon sources
with different oxidation state and regenerating NADH 2.3. Medium
by means of the NAD-dependent FDH pathway. This
study examines the effect of these different combina-  Defined medium supplemented with 20 g/L of glu-
tions on the NADH availability and on the distribu- cose, sorbitol or gluconate was used for the chemostat
tion of metabolic fluxes, intracellular levels of NADH runs. To reduce the initial lag time that occurs under
and NAD', NADH/NAD™ ratio and total levels of  anaerobic conditions, 1 g/L NaHG®as added to the
NAD(H/*) in E. coli. defined medium. The medium was also supplemented
with 100 mg/L of kanamycin and 30L/L antifoam
289 (Sigma). The defined medium consisted of

2. Material and methods 7g/L NaHPOy, 3g/L KHoPOy, 0.5¢g/L NaCl and
1g/L NH4Cl. This salt mixture was autoclaved and
2.1. Bacterial strains and plasmids then supplemented with filter—sterilized solutions of

thiamine, MgSQ and CaCl, which were added to a
The bacterial strains and plasmids used in this study final concentration of: fg/L, 0.1 mM and 0.1 mM,
are listed inTable 1 Plasmid pSBF2 contains the respectively.
fdhl gene from the yeadt. boidinii under the con-
trol of the lac promoterBerrios-Rivera et al., 2002b 2.4. Bioreactor conditions
Strain GJT001 was transformed with pSBF2 and with

pDHK29 to serve as negative control. The fermentations were conducted under anaerobic
chemostat conditions at a dilution rate of 0.03hA
2.2. Inoculum preparation 1-L bioreactor (New Brunswick Scientific, Bioflo 110)

was used. Itinitially contained 0.6 L of medium during
Five milliliters of LB with the 100mg/L of the anaerobic batch stage and then was maintained at
kanamycin was inoculated with 5-1@ of the this same working volume for the anaerobic chemostat
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stage. The pH, temperature and agitation were main- reduced metabolites (succinate, lactate and ethanol) per
tained at 7.0, 32C and 250 rpm, respectively. A con- carbon source consumed (NADH/CS). The metabolic
stant flow of nitrogen (3 mL/min) was maintainedinthe fluxes of acetate and lactate decreased with increased
fermentor headspace to establish anaerobic conditions.NADH availability, while the ethanol showed an oppo-
The continuous culture reached steady state after 4—6site trend; it increased with increased NADH availabil-
residence times. Samples were taken during the steady-ity.

state phase. The specific acetate formation rates of the FDH
bearing strain, GJTO01(pSBF2), was lower than that
2.5. Analytical techniques of the control strain, GJTO01(pDHK29), for all

three carbon sources studied. The control strain,
The cell density, the measurement of the concentra- GJTO01(pDHK29), yielded the highest acetate pro-
tion of metabolites and the analysis of the gas compo- duction rate when grown in gluconate, which was
sition of the chemostat runs were described previously about six times that of the lowest value given by
(Berrios-Rivera et al., 2002cThe enzymatic assay for GJTO01(pSBF2), when grown in sorbitol. When glu-
FDH activity and the measurement of the intracellular cose was used as a carbon source, the specific rate of
concentration of NADH and NAD were performed  acetate dropped by more than halfin the presence of the
as described previouslBérios-Rivera et al., 2002¢ NAD*-dependent FDHFig. 2). Both, the type of car-
One unit was defined as the amount of enzyme that bon source and the presence of the heterologous FDH,
produced Jumol of NADH/min at 30°C. have a much more pronounced effect on the specific
lactate formation rate. The specific lactate formation
rate was the highest (about 0.5 mmol/g D.W. h) for the
3. Results control strain grown in gluconate, but dropped to less
than 0.1 mmol/g D.W. h for the NADdependent FDH
The main purpose of this study is to explore the strain when grown in the same carbon souf€g.(2).
effect of a range of NADH availability levels on the The specific lactate formation rate, however, was below
distribution of metabolic fluxes i&. coliunder anaer- 0.1 mmol/g D.W. h when grown in glucose, with and
obic chemostat conditions using defined medium. Ex- without the heterologous FDH. Finally, the lactate con-
periments were conducted using carbon sources with centration was below the detectable level (<0.1 mM)
different oxidation states (gluconate (+1), glucose (0) for the culture grown in sorbitol, with and without the
and sorbitol {1); the oxidation state is shown in heterologous FDH.
parenthesis beside the carbon source) and with strains  Cultures grown in gluconate had a very low spe-
GJT001(pDHK29) and GJT001(pSBF2). The use of cific ethanol formation rate; the presence of the NAD
defined medium provides a cleaner characterization of dependent FDH increased the rate only slighfig(2).
the mechanism utilized bk. colito achieve a redox  The FDH strain, GJTO01(pSBF2), however gave the
balance under different levels of NADH supplementa- highest ethanol production rate when grown in sor-
tion, avoiding the possible interference or complication bitol, reaching to a value of about 8 mmol/g D.W. h,
caused by the extra reducing power derived from the which was about twice that of the control strain grown
yeast extract and tryptone contained in the complex in glucose.
medium. A chemostat mode was chosen because it al- The specific carbon source uptake rate of the control
lows the determination of the concentrations of NADH, strain, GJT001(pDHK29), is the highest when grown
NAD™* and the metabolic fluxes at steady state. It also in gluconate but decreases for both glucose and sor-
allows fixing the specific growth rate of each strain by bitol. The presence of the NABdependent FDH low-
fixing the dilution rate (0.05ht), which will provide ered the specific glucose and gluconate uptake rates
a precise comparison among the various strains andby about 20%. However, the sorbitol uptake rate of
carbon sources. the NAD"-dependent FDH bearing strain was more
Fig. 2 shows the steady-state specific metabolic than 30% higher than that of the control strain, chan-
fluxes of various metabolites in mmol/(g dry weight neling the increased carbon flux to ethanol formation
(D.W.) h) and the NADH utilized for the formation of  (Fig. 2).



A.M. Sinchez et al. / Journal of Biotechnology 117 (2005) 395-405 399

4 Carbon Source Uptake 5.4 Succinate
6 4 0.7 4
o5 £ 0.6
= 4 Z 0.5
2 1 8 0.4 -
£ 41 oh
3 = 0.3
g 24 g 0.2
E g
14 = 0.1
0 T T 0.0 T T
gluconate  glucose  sorbitol gluconate  glucose  sorbitol
Lactate Formate
0.8 10
= oy 8
* i A
B- 0.6 3 ;
3 ~ 6
Sp 0.4 S
2 =
g 0.2 g 2
0.0 T e T 0 T T
gluconate  glucose  sorbitol gluconate  glucose  sorbitol
Acetate Ethanol
7
10
6 -
= 5 = 8§ A
= 4 Z 6
= 3 %
3 . = 4
g 24 g
T P
0 T T 0 T T
gluconate  glucose sorbitol gluconate  glucose  sorbitol
@ Ethanol/Acetate Ratio NADH/CS
= 12,00 @ 4.0
8 Cis
S 10,00 A g o
= E 3.0
£ 800 Eas
= J =] J
3 6.00 = %s]
< 1.5
£ 400+ 2 ]
5] — L
= 200 E 05 4
=
£ 000 A £ 0.0 4
gluconate glucose  sorbitol gluconate  glucose sorbitol

OGITO01(pDHK29) W GITO01(pSBF2)

Fig. 2. Metabolic fluxes of anaerobic chemostat cultures on defined medium. The values are averaged three steady-stat®sa@pias at

The error bars represent standard deviations. The metabolic fluxes are expressed in mmol/(g D.W. h). NADH/CS correponds to the experimental
NADH yield. The averaged cell dry weight values of triplicate samples for GJITO01(pDHK29) are 0.15, 0.09 and 0.14 g/L and for GIJTO01(pSBF2)
are 0.15, 0.34 and 0.17 for gluconate, glucose and sorbitol, respectively.

The metabolic fluxes of succinate did not change  Table 2 presents the theoretical and experimen-
significantly but the metabolic fluxes of residual for- tal values of a range of NADH availability obtained
mate decreased with the overexpression of the NAD by combining the use of carbon sources with differ-
dependent FDH as expected. The formate flux of ent oxidation state with or without overexpression of
GJTO01(pSBF2) in sorbitol was not significantly re- NAD*-dependent FDH. The theoretical NADH yields
duced by the presence of the heterologous FBHL.Q). (Y(naDH);) Were estimated based on the pathways
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Table 2

NADH availability, ethanol yield and ethanol/acetate ratio of various strains from anaerobic chemostat experiments

Strain Carbon source Y(NADH) 2 (NADH)y/CS Y(ethanol) Ethanol/acetate FDH activity

(mol/mol) (mol/mol) (mol/mol) (U/mg)

GJT001(pDHK29) Gluconate 1 1.02 0.31 0.35 ND
Glucose 2 1.77 0.78 1.05 ND
Sorbitol 3 3.21 1.56 3.09 ND

GJT001(pSBF2) Gluconate 3 1.26 0.49 0.65 Gt3mo2
Glucose 4 2.67 1.23 3.18 0.260.07
Sorbitol 5 3.11 1.46 9.45 0.2#0.04

& The theoretical NADH {(napH);) values were estimated based on the pathways showigirl and equals the moles of NADH produced
from the oxidation of the carbon source and the conversion of formate through thé-Néizndent FDH pathway per mole of carbon source
consumed. For the FDH strain it was assumed that all carbon will go through the PFL pathway yielding two extra moles of NADH per mole of

carbon consumed.

b The experimental NADH (NADIJ/CS) values were estimated stoichiometrically from the concentrations of reduced metabolites by calcu-
lating the NADH used for their production per mole of carbon source, where NABHhe total NADH used for product formation per unit
volume (mol/L) and CS the concentration of carbon source consumed (mol/L).

shown inFig. 1 In the calculation of the theoretical
NADH yield for the FDH strain, it was assumed that
all carbon went through the PFL pathway generating
two extra moles of NADH per mole of carbon source
consumedY(napH); ranged from 1 to 5 mol NADH/CS

while the experimental values ranged from 1.02t0 3.11.

The ethanol yield and the Et/Ac ratio positively corre-
lated with NADH availability. The NADH yields for

the strain with the heterologous FDH were far from the
theoretical yield but still were slightly higher than the

as I'(NADH), = 2ue +v7 +2u10. In addition, Table 3
presents the flux of formate converted to £@rough
both the native FDH pathway§) and the new NAD-
dependent FDH pathwayu{s) for both strains in
each carbon source. The flux to formate was ob-
tained based on the assumption that 1 mol of formate
is produced per mole of acetyl-CoA formed through
PFL (Fig. 1) as described irBerrios-Rivera et al.
(2002c)

The glycolytic pathway;, v3—vs) decreased with

control strain in each carbon source studied except for NAD*-dependent FDH overexpression in gluconate

sorbitol.

and glucose resulting in a decreased flux through the

Table 3presents the results as calculated metabolic PFL to formate ¢g). These results are in contrast with

fluxes in mmol/(g D.W. h) represented ag—v1, ac-
cording toFig. 1 Note thatui, represents the newly
added NAD-dependent FDH pathway. Additionally,
urp represents the flux of residual formate excreted

the behavior observed in complex medium where glu-
cose uptake rate increased with overexpression of the
new FDH pathwayBerrios-Rivera et al., 2002cThe

flux through the native FDH to (vg) decreased with

to the media based on HPLC measurements. Thedecreasing oxidation state of carbon source and also
metabolic fluxes with an asterisk were calculated based with the expression of the NADdependent FDH ex-
on measured metabolites, while the other fluxes were cept for GJITO01(pSBF2) in gluconate where thge H

estimated based on the relationships showhiin 1,

levels were below the detection limit. The ATP net flux

the law of mass conservation, and the pseudo-steady-decreased with overexpression of the NA@ependent

state hypothesis (PSSH) on the intracellular inter-

FDH and this is consistent with the observed decrease

mediate metabolites as described in previous work in glycolytic fluxes and acetate flux. The flux through

(Aristidou et al., 1999; Yang et al., 1999This ta-
ble also includes the ATP net conversion defined
as I'atp = —v1 +vg +vs +u11 + Ug fOr gluconate and
I'atp = 3uz + v11 for glucose and sorbitol; the NADH
formation rate defined asinapH), =va+vi2 for
gluconate and glucose; andnapH), = v1+va+v12

for sorbitol; and the NADH utilization rate defined

the NAD"-dependent pathwayu{,) was many fold
higher than the flux through the native FDH pathway
indicating that the new pathway competes effectively
with the native FDH pathway in agreement with previ-
ous results in complex mediurBérrios-Rivera et al.,
20021. The CQ formation would also be expected to
increase as a result of an increasein.
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Table 3
Effect of heterologous NAD-dependent FDH on metabolic flux distribution for anaerobic chemostat cultures in defined medium supplemented
with 20 g/L of glucose

Flux or rate To GJTO001(pDHK29) GJTO001(pSBF2)
Gluconate Glucose Sorbitol Gluconate Glucose Sorbitol

U1 CS uptaké 477 5.31 399 3.94 416 555
v Biosynthesis ®8 099 000 0.68 058 081
v3 G-3-P 477 431 417 3.94 358 474
vg PEP 409 863 835 3.26 715 949
Us Pyruvate A7 813 7.84 2.78 676 896
Ug Succinaté 0.63 049 051 0.49 039 052
v7 Lactaté 0.55 008 000 0.06 002 000
vg Formate 769 805 7.84 6.66 674 896
vg H," 0.67 055 026 BDL 021 019
URF Residual formafe 6.38 778 687 3.60 268 592
v10 Ethanol 1.96 413 593 2.63 513 810
v11 Acetatéd 573 393 192 4.03 161 086
v12 New FDH pathwa§ 0.00 000 000 3.06 385 285
I atp ATP net conversion a5 1686 1444 6.62 1234 1509
T(NnADH) NADH formation 409 863 1234 6.32 1100 17.89
T(NADH),, NADH utilization 572 932 1286 6.29 1106 1726
Ico, CO;, net conversion 04 006 000 2.58 367 251

Note: Metabolic fluxes in mmol/(g D.W. h) at D =0.05 hare represented ag—uv1, as shown irFig. 1 Metabolic fluxes with an asterisk)(
were calculated based on measured metabolites, while the other fluxes were estimated from the measured metabolites based on relationship:
shown in Fig 1. The metabolic matrix is constructed on the basis of the law of mass conservation and of the pseudo-steady-state hypothesis
(PSSH) of the intracellular metabolites. G-3-P, glyceraldehyde 3-phosphate; PEP, phosphoenolpyruvate; biosynthesis, carbon assumed to be
converted to biomass from glucose not fermented to fermentation products.

a8 New FDH pathway: newly added NADdependent FDH pathway; BDL: below detection limit.

b Gluconate uptake rates were estimated from carbon balance.

The acetyl-CoA branch partitioning commits gluconate was used. The highest Et/Ac ratio (9.45)
carbon flux toward ethanol or acetate production. The was obtained by combining sorbitol as a carbon source
partitioning of fluxes toward ethanol and acetate is with the strain overexpressing the NARlependent
50-50% in cultures of the control strain in glucose; FDH.
this is an ethanol/acetate ratio of one. In an effort Table 3also shows the NADH formation and utiliza-
to achieve proper redox balance the ethanol flux tionrates ((napH), and/(nabpH),)- The NADH forma-
increased with decreased acetate flux to compensateion and utilization rates were very similar for every
for increased NADH availabilityTable 2shows the case studied and these rates increased with increased
Et/Ac ratio obtained for both strains in each carbon NADH availability.
source. These values are slightly lower than those pre-  Fig. 3 shows the steady-state concentrations of
viously reported in batch experimenBgrfios-Rivera NAD(H/*) and the total NAD(HY) in wmol/g D.W.
et al.,, 2004 The observed Et/Ac ratio in glucose and the NADH/NAD ratio. The intracellular NADH
of both strains very similar to the results obtained increased with overexpression of the NABependent
in chemostat cultures using complex medium, in FDH relative to the control strain in each of the carbon
general the metabolite distribution was similar in both sources examined. The intracellular NADH con-
complex and defined medium; however, higher fluxes centrations ranged between 1 andufnol/gD.W.,
were seen in complex mediurBérios-Rivera et al., with 1 being the lowest concentration obtained for
2004). The control strain in glucose exhibits an Et/Ac the control strain on gluconate and 2 being the
ratio of 1.05 and this ratio increased to 3.09 when concentration obtained for the FDH-sorbitol com-
cultivated in sorbitol, and decreased to 0.34 when bination. The NAD concentrations ranged between
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2.4 and 3.;umol/g D.W. The overexpression of the
NAD*-dependent FDH increased the NADH/NAD
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slightly for glucose and sorbitol relative to gluconate
for GTJOO1(pSBF2), while for the control strain
the NADH/NAD" ratio obtained in different carbon
sources remain unchanged. The results showed
that genetic manipulation changed the equilibrium
concentration of these cofactors to a new equilibrium
value.

4. Discussion

Strain  GJT001(pSBF2) contains the NAD
dependent formate dehydrogenase (FDH) fr@n
boidinii (Berrios-Rivera et al., 2003b This NAD"-
dependent FDH pathway converts 1 mol of formate
into 1 mol of NADH and carbon dioxide. Strain
GJT001(pDHK?29) was used as a control, harboring
solely the cloning vector.

The overexpression of the NABdependent FDH
significantly changed the distribution of the metabolic
fluxes in E. coli. These observations are consistent
with previously reported results under anaerobic
chemostat cultures using complex medBeffios-
Rivera et al., 2002c One of the most relevant results
observed is the shift in ethanol to acetate ratio (Et/Ac),
which indicates an increase in intracellular NADH
availability. This ratio increased from 0.340.01 for
the control strain cultivated in gluconate to 9:49.18
for the strain with the NAD-dependent FDH in
sorbitol (Fig. 2, Table 2. These results reveal that
the NADH availability increases with the decrease
in oxidation state of the carbon source and with
the overexpression of the NABRdependent FDH.
The overexpression of the NABdependent FDH
decreased carbon consumption as opposed to results
in complex media where the carbon consumption was
increased by the NADdependent FDH expression.
In the case of the NAD-dependent FDH—sorbitol
combination, sorbitol consumption was increased in
the presence of the NADdependent FDH relative to
its control.

The metabolic fluxes of acetate and lactate de-
creased with increased NADH availability, while the
ethanol increased with increased NADH availabil-
ity. The yields for these metabolites also follow a
similar trend; the ethanol yield also increased with

ratio for each of the carbon sources examined relative increased NADH availability except for the case of the
to the control strain. Additionally, the ratio increased NAD*-dependent FDH-sorbitol combination where
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the ethanol yield remained almost the same as the as the NADH availability increased the ethanol flux
yield achieved by the control strain on sorbitol, 1.5 mol increased accordingly and no significant change in
Et/mol sorbitol. These results suggest that somehow thethe acetate flux was observed. In defined medium the
NAD™*-dependent FDH-sorbitol combination mightbe Et/Ac ratio was adjusted by regulating both, the flux
saturated by excess NADH, and is not capable of recy- through ethanol and acetate. Comparing the strain with
cling any further the extra NADH through the produc- the NAD"-dependent FDH relative to its control strain
tion of ethanol. This idea is supported by a decreased in each of the carbon sources examined, it is observed
flux observed through the new FDH pathway compared that the acetate flux decreased as the ethanol flux was
to gluconate and glucose (s&able 3. It is also pos- increased; in general it was found that the decrease in
sible that this combination would be more beneficial acetate was more dramatic than the increase in ethanol.
for the production of a compound more reduced than A possible reason for the difference in the cells mech-

ethanol.
It is important to mention that the metabolic fluxes
were much smallerin defined medium comparedto pre-

anism to achieve a redox balance could be that in com-
plex medium extra reducing power could potentially be
usedtoincrease the amounts of reduced by-product and

vious studies of the same strains on complex medium its yield while in defined medium by-product formation

(Berfios-Rivera et al., 2003cHowever, the Et/Ac ra-
tio and the NADH utilized for the formation of reduced
metabolites were very similar suggesting an effort of
the cells to achieve a similar redox state in both defined
medium and complex medium.

The metabolic fluxes of residual formate decreased
with the overexpression of the NARdependent FDH
as expected. For the NARdependent FDH-sorbitol
case, the formate flux was not significantly reduced.
This observation suggests that the rate of formate
usage is small compared to the rate of formate
formation, which may be due to an excess NADH
availability. This observation is also in agreement with
the finding that the ethanol yield and NADH/CS could
not be further increased relative to the control-sorbitol
system. As seen ifrig. 2, the NADH/CS increases
with the oxidation state of the carbon source and
with the overexpression of the NABRdependent
FDH, but no further increase was observed for the
NAD*-dependent FDH-sorbitol combination. The
chemostat values of NADH/CS shownTable 2were
slightly lower than the values obtained previously in

is limited only to the NADH that can be supplied by the
carbon source.

The NADH formation rates and NADH utiliza-
tion rates, presented ifable 3 were very similar in
each individual case. These results suggest that most
of the NADH formed through the oxidation of the
carbon source and the new FDH degradation path-
way can be accounted for as being utilized for the
formation of reduced metabolites, specifically, succi-
nate, lactate and ethanol. The biomass formation rates
shown inTable 3were small; therefore, the fraction
of the NADH utilization rate to generate biomass is
negligible.

Table 4presents the calculated yields for different
fermentation products in C-mole produced per C-mole
of glucose consumed. The normalized data present
the results in a more informative manner. Using glu-
cose as the base case, we observed that for strain
GJT001(pDHK29), the carbon is distributed equally
to ethanol (0.26) and acetate (0.25), the rest of the car-
bon goes mostly to formate, while lactate and succinate
constitute only minor products. The general trends are

anaerobic tube experiments using defined medium that when the new FDH is overexpressed lactate, ac-

(Berfios-Rivera et al., 2004 and this variation
can be attributed to the differences in cultivation
conditions.

An analysis of the metabolic fluxes obtained here
compared to previous complex medium chemostat
cultures Berrios-Rivera et al., 2003shows that the
mechanism of redistribution utilized by the cells in
order to achieve a redox state is different. In complex
medium, the Et/Ac ratio was adjusted by mainly
controlling the flux through the ethanol pathway; thus,

etate and residual formate decreases, while the ethanol
and formate converted increase; the same effect is ob-
served in lactate and acetate when a more reduced
carbon source is used within a same strain. The com-
bined effect seems to be additive, as seen by cultures
expressing the heterologous FDH in sorbitol, where
the acetate carbon yield drops to 0.05. The ethanol
yield could not increase further using this combina-
tion suggesting that the cells are unable to handle
excess NADH.
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Table 4
Distribution of metabolites from 1 carbon-mole of gluconate, glucose
or sorbitol uptaken by the cell

Metabolite Carbon source
Gluconate Glucose Sorbitol

Succinate

GJT001(pDHK29) 0.05 0.05 0.07

GJT001(pSBF2) 0.05 0.05 0.05
Lactate

GJT001(pDHK29) 0.05 0.01 0.00

GJT001(pSBF2) 0.01 0.00 0.00
Formate

GJT001(pDHK?29) 0.22 0.25 0.35

GJTO001(pSBF2) 0.22 0.27 0.27
Formate converted

GJT001(pDHK?29) 0.04 0.01 0.04

GJTO001(pSBF2) 0.10 0.16 0.09
Residual formate

GJT001(pDHK29) 0.18 0.24 0.30

GJT001(pSBF2) 0.12 0.11 0.18
Acetate

GJT001(pDHK?29) 0.33 0.25 0.17

GJTO001(pSBF2) 0.27 0.13 0.05
Ethanol

GJT001(pDHK?29) 0.11 0.26 0.52

GJTO001(pSBF2) 0.18 0.41 0.49

Values shown are averaged triplicate steady-state yields in C-mole
produced per C-mole of carbon source consumed. Results were ob-
tained from anaerobic chemostat cultures using defined medium at

D=0.05h1,

5. Intracellular concentration of NAD(H/ *) at
steady state

The intracellular NADH levels measured in strain
GJTO001(pSBF2) were significantly higher than the lev-
els found in GJTO01(pDHK29)R<0.05) Fig. 3.
Additionally, we also observed a significant differ-
ence in NADH values due to the effect of the carbon
source P<0.05). In particular, the control strain in
gluconate had the lowest NADH value with respect to
glucose and sorbitol. The NADlevels were not sig-
nificantly different between strains nor between car-
bon sourcesK < 0.05) suggesting that any changes in
the NADH/NAD* ratio can be attributed mainly to in-
creased intracellular NADH levels.

The NADH/NAD" ratio changed both, due to the
NAD*-dependent pathway incorporation and due to

A.M. Sinchez et al. / Journal of Biotechnology 117 (2005) 395-405

carbon source used. Specifically, we observed differ-
ences due to strain effect in glucose and sorbitol and
the carbon source effect was significant when com-
paring gluconate with respect to glucose and sorbitol
in the strain with the NAD-dependent FDH. The
NADH/NAD™ ratio was similar for the control strain
in the three carbon sources examined suggesting that
the cells are able to adjust the turnover of the NADH
pool fast in an effort to attain a redox balance.

The total NAD (H/) levels were very similar for all
the strains examined in different carbon sources except
for the control strain on gluconate, which showed lower
total levels than the rest.
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