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Abstract The reasons for the well-known significantly
different behaviour of the anaerobic, gram-negative, etha
nologenic bacterium Zymomonas mobilis during growth
on fructose (i.e. decreased growth and ethanol yields, in-
creased by-product formation) as compared to that on its
second natural substrate, glucose, have remained unex-
plained. A xylose-fermenting recombinant strain of
Z. mobilis that was recently constructed in our |aboratory
also unexpectedly displayed an increased formation of by-
products and a strongly reduced growth rate as compared
to the parent strain. Therefore, acomprehensive study em-
ploying recently developed NM R-based methods for the
in vivo analysis of intracellular phosphorylated pool sizes
and metabolic fluxes was undertaken to enable a global
characterization of the intracellular metabolic state of
Z. mobilis during growth on 3C-labelled glucose, fructose
and xylose in defined continuous cultures. The 13C-NMR
flux analysis indicated that ribose 5-phosphate is synthe-
sized via the nonoxidative pentose phosphate pathway in
Z. mohilis, and it identified a metabolic bottleneck in the
recombinant xylose-fermenting Z. mobilis strain at the
level of heterologous xylulokinase. The 31P-NMR analy-
ses reveadled a global alteration of the levels of intracellu-
lar phosphorylated metabolites during growth on fructose
as compared to that on glucose. The results suggest that
this is primarily caused by an elevated concentration of
intracellular fructose 6-phosphate.
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Phosphoenol pyruvate - PGA Phosphoglycerate - PYR
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Introduction

Zymomonas mobilis is an anaerobic, gram-negative bac-
terium that produces ethanol from glucose via the Entner-
Doudoroff [2-keto-3-deoxy-6-phosphogluconate (KDPG)]
pathway in conjunction with the enzymes pyruvate decar-
boxylase and alcohol dehydrogenase. The organism only
grows on glucose, fructose and sucrose. Although the
pathways for glucose and fructose degradation are almost
identical (they differ only in the transport and first two
steps), growth and ethanol yields on fructose are lower
than on glucose, while the synthesis of by-products, espe-
cialy glycerol and dihydroxyacetone, isincreased (Dawes
and Ribbons 1966; Viikari and Korhola 1986; Viikari 1988;
Struch 1992). The action of a possible aldolase side-activ-
ity selectively cleaving fructose to dihydroxyacetone and
glyceraldehyde-3-phosphate could be ruled out (Horbach
et a. 1994). Also, while the affinity of the glucose facili-
tator of Z. mobilis is almost tenfold lower for fructose
(K, = 39 mM) than for glucose (K, = 4.1 mM) (Weisser
et a. 1995, 1996), it has an approximately equal V., for
glucose and fructose. Therefore, no significant differences
in glucose and fructose metabolism due to the facilitator
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characteristics alone can be expected either in batch cul-
tures (where the substrate concentration is much higher
than the K;;,) or in chemostat cultures (where the specific
substrate uptake rate at a given dilution rate is approxi-
mately equal for glucose and fructose). Unfortunately, no
comparative studies providing comprehensive informa-
tion on intracellular metabolite concentrations during glu-
cose and fructose metabolism have been reported to date.

The glucose facilitator in Z. mobilis has also been
shown to transport xylose very efficiently in this organism
(Schoberth and De Graaf 1993; Weisser et a. 1996), with
Kmn = 40 mM and the V,,4 twice as high as for glucose
(Weisser et al. 1996). However, the Z. mobiliswild-typeis
not able to grow on this substrate due to the lack of cata-
bolic enzymes (Feldmann et al. 1992a). Much effort has
been put into attempts to give Z. mobilis a xylose-degrad-
ing capacity via recombinant DNA techniques. This
would potentially render this organism suited for indus-
trial ethanol fuel production from low-cost substrates in
agricultural residues. Feldmann et al. (19924a) have suc-
ceeded in introducing heterologous genes from Esche-
richia coli for transketolase, transaldolase, xylose iso-
merase and xylulokinase. Zhang et al. (1995) were the
first to construct a functional recombinant xylose-fer-
menting Z. mobilis strain. In a similar approach, using the
genes for xylose isomerase and xylulokinase from Kleb-
siella pneumoniae in addition to the genes for transketo-
lase and transaldolase from E. coli, a xylose-degrading
Z. mobilis recombinant strain has also been successfully
constructed in our laboratory (Laufer 1998). However, al-
though both strains were able to grow on xylose and to
produce ethanol at ayield as high as 0.44 g/g xylosg, i.e.
86% of the theoretical yield, specific growth and produc-
tion rates were four- to fivefold lower than those typically
observed on glucose. As with fructose, the cause for this
strong impairment of growth and productivity is still un-
known, but it has been speculated (Zhang et al. 1995) that
the pathway control structure may resist a radical ater-
ation of metabolic flux distribution such as is necessary
for xylose metabolism in Z. mobilis.

In the past few years, powerful methods for metabolic
flux analysis using metabolite balancing together with 13C
stable isotope labelling and NMR spectroscopy have been
developed (Wiechert and De Graaf 1996, 1997; Wiechert
et al. 1997) and successfully applied, e.g. in the study of
Corynebacterium glutamicum metabolism (Marx et al.
1996, 1997). These methods allow the quantitation of all
in vivo fluxes in the bacterial primary metabolism in de-
fined stationary conditions by analysing 13C-labelling pat-
terns in proteinogenic amino acids extracted from cells
grown in the presence of labelled substrates. The meta-
bolic state of the cells can aso be directly assessed by in
vivo 3IP-NMR (Gadian 1995). This technique has been
successfully applied to monitor the concentrations of in-
tracellular metabolites in Z. mobilis during glucose catab-
olism (Barrow et a. 1984; Strohhdcker et a. 1993).
Whereas these studies required the use of extremely dense
cell suspensions, resulting in poorly defined physiological
conditions, newly developed integrated in vivo NMR/fer-

mentor systems alow the study of baceria under well-de-
fined conditions in continuous culture (De Graaf et al.
1992; Hartbrich et a. 1996; Weuster-Botz and De Graaf
1996).

It was the purpose of the present study to apply meta-
balic flux analysis and the newest in vivo 3!P-NMR tech-
nigues in order to elucidate the reasons for the different
growth yields, by-product spectra and glycolytic rates as
observed during glucose and fructose metabolism in Z.
mobilis CP4 as well as during xylose metabolism in a xy-
lose-degrading recombinant Z. mobilis strain (Laufer
1998).

Materials and methods
Bacteria strains, plasmids and growth conditions

Z. mobilis CP4 (ATCC 31821) was used for al experiments with
glucose and fructose as substrate. Z. mobilis CP4/pZY 228/
pZY557tal (described below) was used for the experiment with
xylose as substrate.

The three cultivation media (I, 11 and I11) for isotope-labelling-
based metabolic flux analysis contained (per litre):

1. Medium I: 70 g p-glucose (mixture of 80% unlabelled glucose
and 20% [2-13C]glucose; Omicron Biochemicals, South Bend, IN,
USA), 0.87 g NH,CI, 0.082 g MgSO, x 7H,0, 0.18 g KH,PO,,
0.125 g trisodium citrate, 0.0021 g FeSO, x 7H,0, 1 mg Ca-pan-
thotenate and 1 mg biotin.

2. Medium I1: 70 g p-fructose (mixture of 80% unlabelled fruc-
tose and 20% [2-13C]fructose; Omicron Biochemicals), 1.6 g
NH,CI, 1.0 g MgSO, x 7H,0, 3.5 g KH,PO,, 0.21 g trisodium cit-
rate, 0.010 g FeSO, x 7H20, 1 mg Ca-panthotenate and 1 mg bi-
otin.

3. Medium Il1: 70 g b-xylose (mixture of 81% unlabelled xylose
and 19% [1-13C]xylose; Cambridge Isotope Laboratories, Cam-
bridge, Mass., USA), 1.98 g (NH,),SO,, 1.0 g MgS0O, x 7H.,0,
3.48 g KH,PO,, 0.21 g trisodium citrate, 0.010 g FeSO, x 7H,O
and 10 ml of avitamin stock solution containing (per litre) 1.65 mg
biotin, 150 mg choline, 0.05 mg cyanocobalamin, 0.5 mg folic
acid, 0.7 mg inositol, 299 mg nicotinic acid, 382 mg p-aminoben-
zoic acid, 137 mg panthotenic acid, 21.6 mg pyridoxine, 58.3 mg
riboflavin and 265 mg thiamine. Thus added, the fermentation me-
dium contained vitamins in concentrations equivalent to those pre-
sent in 5 g/l bacto-yeast-extract (according to the supplier: Difco,
Detroit, Mich., USA). The medium contained 1 mM isopropyl-B-
p-thiogalactopyranoside (IPTG) (Biomol, Hamburg, Germany) for
induction of heterologous enzymes and 100 mg chloramphenicol/l,
15 mg tetracycline /I and 40 mg nalidixic acid/| for strain selection
(Laufer 1998).

In al media, the pH was adjusted to 5.8 with KOH. Vitamins were
added after sterile filtration. The sugar was autoclaved separately
before addition.

Cultures (300-ml volume) were inoculated with cells grown
anaerobically overnight in a medium containing per litre: 10 g
yeast extract, 1 g KH,PO,, 1 g (NH,),SO,, 0.5 g MgSO, x 7H,0O
and 20 g of the respective sugar. Cultures were purged with argon
at a controlled rate of 20 I/h (mass flow controller; Brooks Instru-
ments, Veenendaal, The Netherlands) to maintain anaerobiosis.
After reaching a biomass concentration of approximately 1.5 g dry
wt./I (0.7 g dry wt./I for the xylose experiment) in the initial batch
growth phase, chemostat operation was started with unlabelled
substrate. Dilution rates were 0.1 h™ for the glucose and fructose
experiments, and 0.018 h1 for the xylose experiment. After reach-
ing the steady state (asjudged from ODsg, measurements) after ap-
proximately three dilution times, the feed was changed to the la-
belled substrate mixture. The temperature was controlled at 30°C,



and the pH was kept at 5.8 using NaOH. The cells were harvested
after chemostat operation for another five dilution times, thus en-
abling more than 99% dilution of initial unlabelled biomass.

In vivo 3P-NMR experiments were carried out on high-cell-
density continuous cultures growing on glucose or fructose, using
a recently developed membrane cyclone bioreactor system (Hart-
brich et a. 1996). The media contained per litre: 130 g glucose or
fructose, 250 mg KH,PO,, 1,230 mg NH,CI, 140 mg MgSO, x
7H,0, 235 mg citric acid (monohydrate), 3 mg FeSO, x 7H,0,
1.1 mg biotin, 1.1 mg Ca-pantothenate and 0.35 mg antifoam agent
(Dehysan Z211; Henkel, Disseldorf, Germany). The mineral salts
and the sugar together with the antifoam agent were autoclaved
separately. After mixing these compounds, Ca-pantothenate and
biotin were added in afiltration-sterilized form. A 48-h precultiva-
tion was carried out in a stirred 1-I flask (500 ml culture medium,
5% inoculum). After transfer of the preculture into the membrane
cyclone bioreactor, a 24-h batch operation was carried out without
filtrate flow prior to the start of continuous cultivation in the cor-
responding operation mode. The reactor temperature was con-
trolled at 30°C (pH 5.9) The dilution rates of the medium and the
biomass were independently set to 0.455 h and 0.023 h, respec-
tively, by adjusting the medium, bleed and filtrate flows of the sys-
tem.

Recombinant DNA techniques

The cloning of the talB gene of E. coli K-12 on plasmid pGSM451
has been described earlier (Sprenger et al. 1995b). A 1.0-kb DNA
fragment containing the entire talB gene was generated by diges-
tion with Sphl and was ligated to vector pZY 557, a derivative of
plasmid pZY 507 (Reipen et a. 1995; G. A. Sprenger, unpublished
work) that was cleaved likewise. Transformation and selection for
chloramphenicol resistance yielded plasmid pZY557tal with the
talB gene under the control of an IPTG-regulated tacpromotor
(Reipen et al. 1995). After introduction in the mobilizing E. coli
strain S17-1 (Simon et al. 1983), conjugation with Z. mobilis strain
CP4/pzZY 228 (Feldmann et al. 1992a) yielded strain CP4/pZY 228/
pZY557tal, which expressed heterologous activities of xylose iso-
merase, xylulokinase, transketolase and transaldolase. After selec-
tion for xylose-utilizing strains, a clone was obtained that allowed
rapid conversion of xylose to ethanol and carbon dioxide (Laufer
1998).

Preparation of crude extracts

Cell-free extracts for enzyme determinations were prepared as de-
scribed previously (Feldmann et al. 19924a). Cell-free extracts for
metabolite determinations by 3!P-NMR spectroscopy were pre-
pared as follows: in order to quench the metabolism instanta-
neously, 60 ml of cell suspension from the membrane cyclone
bioreactor was injected into 180 ml 60% methanol precooled to
—40°C by addition of liquid nitrogen. The mixture, then at —20°C,
was cooled down to —30°C and then centrifuged (5,000 g, 5 min,
—20°C) in acentrifuge precooled to —20°C. The cell pellet wasin-
troduced in 8 ml chloroform (—20°C). Under heavy stirring, 5 ml
of buffer solution [2 mM Pipes, 50 mM EDTA (pH 7.2)] was
added, and the suspension was stirred for 30 min at —10°C. After
centrifugation (3,000 g, 10 min, —20°C), the water and chloroform
phases were separated. The procedure was repeated after adding
another 5 ml of buffer to the chloroform phase. Both supernatants
were combined, neutralized and lyophilized, and were then kept at
—20°C until NMR analysis. Prior to NMR analysis, the lyo-
philisate was dissolved in 2 ml buffer [75 mM Tris-HCI, 150 mM
EDTA (pH 8.30)], and 30 pl triethylphosphate and 450 ul D,O
were added. The volume was adjusted to 3.0 ml with distilled wa-
ter, and the sample was transferred to a 10-mm NMR tube. Tri-
ethyl phosphate was used as chemical shift standard resonating at
0.44 ppm relative to 85% H;PO, (Kirk et al. 1986). Resonance as-
signments were confirmed by addition of the pure standards.
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Enzyme assays

Xylose isomerase (EC 5.3.1.5) was assayed discontinuously as de-
scribed previously (Feldmann et a. 1992b). This assay measured
xylulose (formed from xylose) with sorbitol dehydrogenase. Xylu-
lokinase (EC 2.7.1.17) was measured according to Simpson
(1966). The assay mixture contained in a final volume of 1.0 ml:
50 mM Tris-HCI (pH 7.8), 50 mM KCI, 1.0 mM EDTA, 5.0 mM
MgCl,, 1.0 mM phosphoenolpyruvate, 50 pl 1.0 mM bp-xylulose,
0.09 mM NADH, 20-100 pl crude extract, 0.1 U lactate dehydro-
genase, 0.022 U pyruvate kinase and 0.5 mM ATP. Transaldolase
(EC 2.2.1.2) was measured in an assay modified from Tsolas and
Horecker (1972). The assay contained per millilitre: 87 mM tri-
ethanolamine (pH 8.5), 17 mM EDTA, 4.2 mM fructose 6-phos-
phate, 0.38 mM NADH, 30 pg glycerol-3-phosphate dehydroge-
nase/triose phosphate isomerase, 10-50 pl crude extract and
0.6 mM erythrose 4-phosphate. Transketolase (EC 2.2.1.1) was de-
termined according to Sprenger et al. (1995a). Phosphoglucoseiso-
merase (EC 5.3.1.9) was assayed according to Algar and Scopes
(1985) in an assay containing per millilitre: 27 mM K-Mes (pH
6.5), 45 mM KCI, 1.8 mM MgSO,, 0.09 mM EDTA, 0.18 mg
bovine serum abumin, 1 mM fructose 6-phosphate, 10-50 pl
crude extract, 1.75 U glucose-6-phosphate dehydrogenase and
0.5 mM NADP*.

Analytical methods
Analysis of metabolites in culture supernatant

Ethanol, acetate, acetoine and acetaldehyde were quantitated by
GC analysis (GC series 5890; Hewlett Packard, Waldbronn, Ger-
many) using a Porapak QS 80—100 mesh column. Sorbitol, |actate
and glycerin were determined enzymatically (Boehringer, Mann-
heim, Germany). Xylitol, xylulose and residual xylose were deter-
mined by HPLC (Merck-Hitachi) equipped with an RI detector
ERC 93087 (Alteglofsheim, Germany) using an Aminex HPX 87C
300 mmx, 7.8-mm column (BioRad, Munich, Germany).

Analysis of metabolites in culture gas

The fermentor gas was continuously monitored for ethanol (Bl-
NOS 1 for C,Hs;OH; Leybold Heraeus/Fisher Rosemount, Hanau,
Germany) and carbon dioxide (CO, BINOS 100 M; Fisher Rose-
mount, Hanau, Germany) contents to quantitate the amounts of
these compounds evaporated from the culture.

Preparation of labelled biosynthetic monomers
for NMR spectroscopy

The preparation and purification of amino acids from the cell pro-
tein and guanosine derivates from the cell RNA were done as de-
scribed previously (Marx et al. 1996, 1997).

1H-NMR spectroscopy

The 13C fractional enrichmentsin protonated carbons of the puri-
fied nucleotides and amino acids were determined by 1H-NMR
as described previously (Marx et al. 1996). The 13C fractional en-
richments in nonprotonated carbons were determined using het-
eronuclear spin-echo difference spectroscopy (Wendisch et al.
1997).

In vivo 3!P-NMR spectroscopy

In vivo 3P-NMR spectroscopy was performed on high-cell-den-
sity cultures at a measuring frequency of 162.0 MHz using 90°
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Fig.1 Scheme of Zymomonas mobilis principal metabolic path-
ways for the metabolism of glucose, fructose (solid lines) and xy-
lose (broken lines). The involved enzymes are denoted by the fol-
lowing three-letter codes: GLK glucokinase, FRK fructokinase,
PGI phosphoglucose isomerase, PGL phosphogluconolactonase,
GND 6-phosphogluconate dehydrogenase, EDD 6-phosphoglu-
conate dehydratase, EDA 2-keto-3-deoxy-gluconate aldolase, ENO
enolase, PYK pyruvate kinase, PPC phosphoenolpyruvate car-
boxylase, PDC pyruvate decarboxylase, PDHC pyruvate dehydro-
genase complex, ADH alcohol dehydrogenases | and I, XI xylose
isomerase, XK xylulokinase, PRE ribulose-5-phosphate epimerase,
PRI phosphoribose isomerase, TKT transketolase [(a) and (b)
merely denote the two different reactions shown], and TAL transal-
dolase. XI, XK and TAL are absent from wild-type Z. mobilis, but
the heterologous enzymes (in addition to heterologous TKT) are
present in the xylose-degrading strain Z. mobilis CP4/pZY 228/
pZY557tal used in this study. Metabolites are denoted by: G6P
glucose 6-phosphate, F6P fructose 6-phosphate, 6PG 6-phospho-
gluconate, KDPG 2-keto-3-deoxy-6-phosphogluconate, GAP glyc-
eraldehyde-3-phosphate, PEP phosphoenolpyruvate, PYR pyru-
vate, RU5P ribulose 5-phosphate, RI5P ribose 5-phosphate, XU5P
xylulose 5-phosphate, S7P sedoheptulose 7-phosphate, E4P ery-
throse 4-phosphate, AcAld acetaldehyde, OAA oxaloacetate, Ac-
CoA acetyl-coenzyme A, CIT citrate, AKG 2-oxoglutarate, MAL
malate, FUM fumarate, and SUCC succinate

pulses (45 us), arepetition time of 55 ms, and atotal measurement
time of 75 min per spectrum. Further details of the NMR measure-
ment methods and quantitation procedures used have been de-
scribed previously (Hartbrich et al. 1996).

S1P-NMR spectroscopy of cell-free extracts

For chloroform extracts, proton-decoupled 3'P-NMR measure-
ments at 162.0 MHz were performed. Per spectrum, 1,800 scans
with 60° pulses were acquired in 2 h at 25°C as described previ-
ously (Strohhacker et al. 1993).

Flux modeling

The flux model (Fig.1) comprised the generally accepted path-
ways of primary metabolism for Z. mobilis, e.g as described by
Sprenger (1996). Z. mobilistypically catabolizes more than 95% of
the carbohydrate carbon via the Entner-Doudoroff pathway. In the
wild-type, the pentose phosphate pathway is incomplete (Feld-
mann et a. 1992a; Zhang et a. 1995), with high activities of ri-
bose-5-P isomerase and ribulose-5-P epimerase, weak activities of
6-phosphogluconate dehydrogenase and transketolase, and no de-
tectable activity of transaldolase, which, however, is dispensiblein
biosynthetic pathways during growth on hexoses (Feldmann et al.
1992 a). The organism lacks a complete citric acid cycle but is able
to synthesize 2-oxoglutarate from pyruvate via acetyl-CoA, citrate
and isocitrate (Dawes et al. 1970; Bringer-Meyer and Sahm 1993).
Phosphoenol pyruvate carboxylase and malic enzyme provide addi-
tional anaplerotic reactions (Bringer-Meyer and Sahm 1989).

In the xylose-degrading recombinant strain, the following addi-
tional heterologous enzymes in the pentose phosphate branch are
present (see Fig. 1): xylose isomerase, xylulokinase, transaldolase
and transketolase.

The principal routes of the [2-13C] label from glucose and fruc-
tose are depicted in Fig. 2. No principal differencesin the labelling
patterns between glucose and fructose metabolism can be ex-
pected. Via the Entner-Doudoroff pathway, pyruvate resulting
from cleavage of KDPG islabelled in C-2, while unlabelled glyc-
eraldehyde-3-phosphate via phosphoenolpyruvate (PEP) leads to
unlabelled pyruvate. Thus, ethanol is expected, with a fractional
labelling of its C-1 equal to half the original labelling of glucose or
fructose. Ribose 5-phosphate can be synthesized from 6-phospho-
gluconate viathe oxidative pentose phosphate pathway and ribose-
5-phosphate isomerase, in which caseit islabelled in C-1, or ater-
natively from fructose 6-phosphate via the transketolase reaction
of the nonoxidative pentose phosphate pathway, ribulose-5-phos-
phate epimerase and ribose-5-phosphate isomerase, in which case
the label resides in C-2 of ribose 5-phosphate. Thus, the labelling
of ribose 5-phosphate, which after RNA hydrolysis can be re-
trieved, for example, from guanosine (Marx et al. 1997), is a sen-
sitive marker of the flux distribution over the oxidative and the
nonoxidative pentose phosphate pathways.

The labelling patterns expected from [1-13C]xylose in the re-
combinant strain show more variety (Fig. 3). Stoichiometry of the
pentose phosphate pathway predicts that two molecul es of fructose
6-phosphate and one molecule of glycera dehyde-3-phosphate will
be produced from three molecules of xylose. The glyceraldehyde-
3-phosphate molecule will be unlabelled; one of the fructose 6-
phosphate molecules will be labelled on the C-1, while the other
will be labelled on both the C-1 and the C-3. From these precur-
sors, atotal of five molecules of pyruvate will be produced: one la-
belled on C-1, another labelled on both C-1 and C-3, and three un-
labelled. Thus, ethanal is expected to be labelled in C-2 with 20%
of the original label in xylose. CO, is expected to be labelled twice
as high. Possible activity of the oxidative pentose phosphate path-
way will be reflected in a labelling of C-3 of ribose 5-phosphate
(Fig.3).

Experimental datafor the positional labelling of intracellular ri-
bose 5-phosphate, glyceraldehyde-3-phosphate, PEP, erythrose 4-
phosphate, pyruvate, oxaloacetate, 2-oxoglutarate and CO, were
obtained from their respective products guanosine, cytidine, ser-
ine, glycine, phenylaanine, alanine, valine, leucine, aspartate,
threonine, glutamate and arginine purified after biomass hydroly-
sis as described above. These data, together with measured rates
for substrate uptake and (by-)product excretion as well as calcu-
lated precursor fluxes for biomass synthesis were used for a com-
prehensive flux analysis. The set of fluxes yielding a minimum de-
viation between simulation and measurements of the fractional 3C
enrichments and the measurable rates was taken as the best esti-
mate for the intracellular flux distribution. The computational de-
tails of this procedure are described elsewhere (Marx et al. 1996;
Wiechert and De Graaf 1997; Wiechert et al. 1997).
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Fig.2 Scheme of the fate of [2-13C] label (shaded box) from glu-
cose and fructose during metabolism in Zymomonas mobilis. Of
each two pyruvate molecules formed from 2-keto-3-deoxy-6-phos-
phogluconate (KDPG), one is labelled in C-2, while the other is
unlabelled since its carbons originate from C-4, C-5 and C-6 of
KDPG. Ribose 5-phosphateislabelled in C-1 or C-2 depending on
whether it is formed via 6-phosphogluconate dehydrogenase or
transketolase(b), respectively (GLK glucokinase, FRK fructoki-
nase, PGl phosphoglucose isomerase, PGL phosphogluconolac-
tonase, GND 6-phosphogluconate dehydrogenase, EDD 6-phos-
phogluconate dehydratase, EDA 2-keto-3-deoxy-gluconate al-
dolase, ENO enolase, PYK pyruvate kinase, PPC phospho-
enolpyruvate carboxylase, PDC pyruvate decarboxylase, PDHC
pyruvate dehydrogenase complex, ADH alcohol dehydrogenases |
and 1, XI xylose isomerase, XK xylulokinase, PRE ribulose-5-
phosphate epimerase, PRI phosphoribose isomerase, TKT transke-
tolase, TAL transaldolase, G6P glucose 6-phosphate, F6P fructose
6-phosphate, 6PG 6-phosphogluconate, GAP glyceraldehyde-3-
phosphate, PEP phosphoenolpyruvate, PYR pyruvate, RU5SP ribu-
lose 5-phosphate, RI5P ribose 5-phosphate, XU5P xylulose 5-
phosphate, S7P sedoheptul ose 7-phosphate, E4P erythrose 4-phos-
phate, AcAld acetal dehyde, OAA oxal oacetate, ACCOA acetyl-coen-
zyme A, CIT citrate, AKG 2-oxoglutarate, MAL malate, FUM fu-
marate, and SUCC succinate)

Biomass composition

For a comprehensive flux analysis, the requirements of basic pre-
cursor metabolites for the synthesis of biomass must be accounted
for as done, for example, by Marx et al. (1996). Combining the
available data on the biomass composition of Z. mobilis (Swings
and De Ley 1977) with those of another gram-negative organism,
E. coli (Neidhardt et al. 1990), an overall biomass composition of
Z. mobilis as given in Table 1 is arrived at. The protein composi-
tion of Z. mobilis as given in Sutter (1991) was then used to calcu-
late from Table 1 the detailed precursor requirement for biomass
synthesis as given in Table 2.
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Table 1 Relative contents of

the main cellular constituents ~ COMPonent Co/on(;ent oht
of Zymomonas mobilis used to (% dry weight)
quantitate the precursor re- Protein 60.5
quirements for the synthesis of RNA 195
biomass in this study. Data :
were taken from Swings and DNA 27
De Ley (1977), Dawes and Lipid 85
Large (1970) and Low and Peptidoglycan 25
Rogers (1984), and were com-

; Glycogen 25
plemented with data from Pol . 03
Escherichia coli taken from yamines :

Neidhardt et al. (1990) Metabolites, ions 3.5

Results
[2-13C]glucose and [2-13C]fructose fermentations
Measurabl e fluxes and carbon balance

The fermentation volume of the [2-13C]glucose fermenta-
tion was 288 ml, and the dilution rate was 0.104 h-1. The
overall 13C enrichment in C-2 was 20.7%. The steady-
state biomass concentration in the fermentor was 1.24 g
dry wt./I at no residual glucose. Thus, the specific glucose
uptake rate was 525 pmol - (g dry wt.)=* - min=, and the
specific biomass yield was 0.018 g dry wt./g glucose, or
3.2 g dry wt./mol of glucose. Based on this value, the
fluxes of precursorsfor biomass synthesis were cal cul ated
from Table 2. They are presented in Table 3. According to
this analysis, only 2.0% of the total carbon was used for
biomass synthesis. This is a typical figure for Z. mobilis
(Swings and De Ley 1977). An elementary composition
analysis of the cells, on the other hand, showed that car-
bon constituted 43.5% of the dry weight, equivalent to
1.9% of the total carbon having been used for biomass
synthesis. This value compares well with the 2.0 obtained
using the biomass composition data from Tables 1 and 2.

For the fructose fermentation, the data were very simi-
lar: culture volume, 300 ml; 20.7% 13C label in C-2;
steady-state biomass concentration, 1.37 g dry wt./l; spe-
cific fructose uptake rate, 469 umol - (g dry wt.)=t - min;
specific biomass yield, 3.6 g dry wt./mol of fructose.
Based on these values, the fluxes of precursors for bio-
mass synthesis were again calculated from Table 2 and
presented in Table 3 (third and fourth columns). Accord-
ing to this analysis, 2.2% of the total carbon was used for
biomass synthesis, slightly more than for the glucose fer-
mentation. The elementary composition analysis of the
cells indicated a 49.6% carbon content of the biomass,
equivalent to 2.4% of the total carbon uptake. This value
again compares well with the 2.2 obtained using the bio-
mass composition data from Tables 1 and 2.

The fermentation broth was analysed for a number of
products and by-products common to Z. mobilis, and the
results are given in Table 4. As expected, ethanol and car-
bon dioxide were the principal products. The main by-
products were lactate and acetaldehyde in the glucose fer-
mentation, and lactate plus glycerol in the fructose fer-
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Table 2 Calculated precursor requirements for Zymomonas mo-
bilis biomass synthesis, calculated from Table 1 using data on pro-
tein composition of Z. mobilis given in Sutter (1991). The precise
source and fate of CO, in biomass synthesis is needed to keep
track of its 13C label. Origin and fate of CO, label: 687 umol/g dry
wit. is fixed in RNA/DNA synthesis (precursor RI5P); 181 pmol/g
dry wt. isfixed in Arg synthesis (precursor AKG); 135 pmol/g dry
wt. with label of PEP-CL1 isfreed in the synthesis of the three aro-

matic amino acids; and 4,325 umol/g dry wt. with label of pyru-
vate-Cl is freed in the synthesis of lle, Lys, Leu and Va (1,925
pmol/g dry wt.) and with AcCoA (2,400 pmol/g dry wt.). (G6P
glucose 6-phosphate, F6P fructose 6-phosphate, RISP ribose 5-
phosphate, E4P erythrose 4-phosphate, GAP glyceraldehyde-3-
phosphate, PGA phosphoglycerate, PEP phosphoenol pyruvate,
PYR pyruvate, AcCoA acetyl-coenzyme A, OAA oxal oacetate, and
AKG 2-oxoglutarate)

Amino acid Amomlj/nt Precursor stoichiometry (mol/mol amino acid)
Mo
grly Welgght) G6P F6P RISP E4P GAP PGA PEP PYR AcCoA OAA AKG CO, NADPH
Ala 1088 1 1 8
Arg 181 1 1 4
Asx 478 1 1
Cys 20 1 5
Glx 343 1 1
Gly 920 1 1
His 82 1 1
lle 369 1 1 -1 5
Leu 369 2 1 2 2
Lys 249 1 1 -1 4
Met 81 1 8
Phe 11 1 2 -1 2
Pro 210 1 3
Ser 202 1 1
Thr 224 1 3
Trp 54 1 1 1 -1 2
Tyr 70 1 2 -1 2
val 569 2 -1 2
Polymer Precursor amount (umol/g dry weight)
G6P F6P RISP E4P GAP PGA PEP PYR AcCoA OAA AKG CO, NADPH
Protein 0 0 136 135 0 1142 216 3582 369 1401 734 - -
RNA 600 350 250 600 406
DNA 87 44 44 87 174
Lipids 120 120 1976 -1976 3615
Peptidoglycan 55 28 83 55 28 28 -55 193
Glycogen 154 0
C1-Units 49 49
Polyamines 59 180
Total 154 55 823 135 120 1705 244 3665 2400 1723 821 - -
Table 3 Precursor require- )
ment fluxes for the tﬁ?ee fer- Precursor Relative flux
mentati_ons The fluxes were Glucose Fructose Xylose
normalized to the total carbon
;fktg‘fgtg’/g(,/?r;ggef rolar up- %C % Rate %C % Rate %C % Rate
?;ieé_rﬁ“g;iyégﬁ?&‘;@ G6P 0049  0.049 0055  0.055 0049 0041
6-phosghat§,) RISP ribose 5. F6P 0.017 0.017 0.019 0.019 0.018 0.015
phosphate, E4P erythrose 4- RI5P 0.218 0.262 0.243 0.292 0.219 0.219
phosphate, S7P sedoheptulose ~ E4P 0.029 0.043 0.032 0.048 0.029 0.036
7-phosphate, GAP glyceralde-  S7P 0.009 0.008 0.010 0.009 0.008 0.006
hyde-3-phosphate, PGA phos-  GAP 0.019 0.038 0.021 0.043 0.019 0.032
phoglycerate, PEP phospho- PGA+PEP 0.310 0.620 0.346 0.692 0.311 0.518
i”cgg{‘;ga_zggﬁﬁa PYR+AcCoA 0965  1.929 1077 2153 1292 1613
’ OAA 0.365 0.548 0.408 0.612 0.367 0.459
e cedate A ARG 2 ake 0218 0261 0242 0201 0217 0218
CO, -0.190 1.142 -0.213 1.275 -0.192 0.955
Total 2.01 - 2.24 - 2.34 -




Table 4 Biomass, substrate
and product concentrations
measured in the fermentation
broths of the three fermenta-
tions. Values in parentheses
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Compound

Concentration in the fermentation broth (mM)

Glucose (388.8 mM)

Fructose (385 mM)

Xylose (466 mM)

represent the substrate concen- Residual substrate 0.1 35 28
trations in the medium. The Ethanol 632+ 17 692 + 19 286+ 8
lypical measurement Impreci- . Ethanol (ges) ND 11+ 3 301 + 90
for products other than CO, CO2 506 + 298 571+ 30 483 + 90
and ethanol (ND no gasanaly-  Sorhitol 0.8 0.1 0.0

sis for ethanol was performed) Xylitol 0.0 0.0 19.0
aThe concentrations measured Xylulose 0.0 0.0 3.8

in the fermentor efflux gas Glycerol 292 5.7 56
were converted to equivalent

concentrations in tﬁg liquid Lactate 55 9.3 0.7
phase resulting in the same ef-  Acetoine 25 0.0 0.0
flux at the given fermentor di- Acetate 21 3.0 8.9
lution rate

b Ethanol (gas) and CO, Acetal dehyde 4.6 2.6 1.7
showed more variation than Dihydroxyacetone 0.0 3.9 0.0
during glucose and fructose Other C-3 compounds 0.0 0.0 4.4

fermentation

Table5 Carbon balances for the three chemostat cultures. Citrate
taken up from the medium was negligible and therefore was not
taken into account. Typical measurement imprecision was 10% for
biomass and for products other than CO, and ethanol

ethanol amount definitely is too low, which must be due
to evaporation from the culture that was not accounted
for. Therefore, ethanol analysis of the fermentor waste gas
was done for the ensuing fructose and xylose fermenta-

Compound % of total carbon tions. The data for the fructose fermentation (Tables 4 and 5)

Glucose Fructose Xylose then show_ed a better carbon balance, with the ethanol
content slightly more than the theoretically predicted

Residual substrate 0.0 0.9 6.0 62.6%, and the carbon dioxide content lower than the the-

Biomass 19 2.4 1.9 oretically predicted 31.3%.

Ethanol 542+ 15 689+19 50.3+ 8.4

CO, 22 +13 245+ 1.3 20.7+ 3.9

Xylitol 0.0 0.0 41 Measured 13C enrichments

Other by-products 2.2 29 31

Total 80 + 157 99.6 + 3.9 86 +14  The amino acids and nucleotides obtained from biomass

aNo gas analysis for ethanol was performed in this case

mentation. Concentrations of lactate, glycerol, acetate and
dihydroxyacetone were significantly higher in the fruc-
tose fermentation (2.7% C vs 1.2%), while those of sor-
bitol, acetoine and acetaldehyde were lower (0.3% C vs
0.9%). Table 4 aso shows the value for carbon dioxide, of
which the relative volumetric content in the fermentor
waste gas (20 | argon/h) was 1.7 + 1% (measured with an
analyser calibrated for the 0—100% range) for the glucose
experiment and 1.8 + 0.1% for the fructose experiment.
The norma molar volume of 22.4 I/mol of gas was then
used to convert that value to moles of CO, released per
hour from the cultures.

The data from Table 4 were converted to yield the car-
bon balance of the cultures given in Table 5. For the glu-
cose fermentation, biomass and by-products, each ac-
counted for 2%, so the remaining 96% must have been
metabolized to ethanol and CO, in approximately equi-
molar amounts. Thus, 32% of carbon is expected in car-
bon dioxide, and 64% in ethanol. While the CO, valuelies
in the large measurement error interval, the measured

hydrolysis were subjected to NMR analysis as described
in Materials and methods to quantitate the 13C label distri-
bution in the precursors from the central metabolism. The
results for the glucose and fructose experiments are given
in Tables 6 and 7. The results for the two substrates are
identical within experimental error, indicating virtually
identical flux distributions in the two cases. Except for ri-
bose 5-phosphate, the measured 3C enrichments are in
perfect agreement with the labelling patterns expected for
Z. mobilis that are depicted in Fig.2: no label in PEP,
which derives from unlabelled carbons 4, 5 and 6 of the
substrate, and approximately half the origina substrate
C-2 label of 20.7% found in pyruvate C-2, i.e. 10.2%. The
fact that all carbons of oxaloacetate and carbons 1, 2 and
3 of 2-oxoglutarate were unlabelled confirms previousin-
vestigations, from which it was concluded that Z. mobilis
does not have a functional citric acid cycle (Dawes et al.
1970; Bringer-Meyer and Sahm 1993).

The fact that 20% 13C enrichment was found in C-2 of
ribose 5-phosphate and only 1.3% in C-1 (Table 6) was
somewhat surprising since it implies that the relative
amounts of ribose 5-phosphate formed via the nonoxida-
tive pentose phosphate pathway as opposed to other reac-
tions during glucose fermentation are (19 + 2)/(0.2 + 0.2),
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Table 6 13C enrichments in precursor metabolites derived from
the experiment with [2-13C]glucose as substrate. The input label
was 20.7% in C-2, and 1.1% (i.e. natural abundance) in all other
carbons. Valuesin italics are the corresponding values as predicted
from the best estimate for the flux distribution. The data were de-
rived from the NMR-measured amino acids and nucleotides iso-
lated from the hydrolysed biomass as follows: PGA from Gly and
Ser; OAA from Asp and Thr; AKG from Glu and Arg; PYR from
Ala, Leu and Val; PEP from Phe; E4P from Phe; RISP from cyti-
dine (PGA phosphoglycerate, OAA oxal oacetate, AKG 2-oxoglu-
tarate, PYR pyruvate, PEP phosphoenolpyruvate, E4P erythrose 4-
phosphate, RI5P ribose 5-phosphate, and nd not determined)

Table 7 13C enrichments in precursor metabolites derived from
the experiment with [2-13C]fructose as substrate. The input label
was 20.7% in C-2, and 1.1% (i.e. natural abundance) in all other
carbons. Valuesin italics are the corresponding values as predicted
from the best estimate for the flux distribution. The data were de-
rived from the NMR-measured amino acids and nucleotides iso-
lated from the biomass hydrolysate as follows: PGA from Gly and
Ser; OAA from Asp and Thr; AKG from Glu and Arg; PYR from
Ala, Leu and Val; PEP from Phe; E4P from Phe; RI5P from
guanosine (PGA phosphoglycerate, OAA oxal oacetate, AKG 2-0x-
oglutarate, PYR pyruvate, PEP phosphoenolpyruvate, E4P ery-
throse 4-phosphate, and RI5P ribose 5-phosphate)

Meta- Relative 13C enrichment in carbon number

Meta- Relative 13C enrichment in carbon number

bolite bolite
1 2 3 4 5 1 2 3 4 5
Etha 106+0.2  1.05% 0.07 Etha 10.45+02 1.1+0.1
nol 11.0 11 nol 111 11
PGA 120+014 15+05 01z%1 PGA 08+04 11+01 07%05
11 11 11 11 11 11
OAA 12+04 11+03 1.21+0.07 094+ 0.06 OAA 11+02 11+02 09+04 1.2+01
11 11 1.1 1.1 11 11 11 11
AKG 09+03 11+03 10+04 09+03 107+03 AKG nd 11+05 12+04 07+05 107+0.3
11 11 11 11 11.0 11 11 11 11 11.1
PYR 11+0.1 102+03 1.07+005 PYR 14+05 102+04 10%02
11 11.0 11 11 11.1 11
PEP nd 1.0+03 14+05 PEP 11+02 10+03 09%03
11 11 11 11 11 11
E4P 11+01 11+01 11+01 11+01 E4P 11+02 11+02 11+02 11+02
11 11 11 11 11 11 11 11
RI5P 13+02 20+2 nd nd nd RI5P 16+03 204+04 14+04 12+04 10%02
13 20.5 11 11 11 15 20.3 11 11 11

i.e. at least 42 but likely 100 or more. A similar ratio was
found for the fructose fermentation.

Flux distributions

The results of the flux estimation for the two cultures is
presented in Table 9. The 13C enrichments in precursor
metabolites predicted from these flux distributions are
givenin Tables 6 and 7 for comparison with the measured
data. The agreement is excellent, with average deviations
between measured and predicted data, normalized to the
measurement error, only 1.0 and 0.8 for the glucose and
fructose experiments, respectively. The results clearly
show that almost all of the sugar is very rapidly metabo-
lized over the Entner-Doudoroff pathway with very little
drain-offs to by-products and cell mass synthesis. Only
negligible net fluxes are carried by the transketolase(a),
transketolase(b), 6-phosphogluconate dehydrogenase, ribu-
lose-5-phosphate epimerase and ribose-5-phosphate iso-
merase reactions, but the flux analysis predicts large
[transketolase(a) and ribul ose-5-phosphate epimerase] to
excessive [ribose-5-phosphate isomerase and transketo-
lase(b)] exchange fluxes in the nonoxidative pentose
phosphate pathway during the glucose fermentation. The
flux estimation result also predicts a rapid equilibration of

the glucose 6-phosphate and fructose 6-phosphate pools
via the reversible phosphoglucose isomerase reaction. All
these exchange fluxes, except for transketolase(b), were
no longer indentifiable from the data from the fructose ex-
periment. However, in the context of the model used, the
strong labelling of ribose 5-phosphate C-2 could only be
dueto the presence of significant reversibility in the trans-
ketolase(b) reaction and of equilibration of the pentose 5-
phosphate pools, which were therefore merged into a sin-
gle pool in order to allow duly for quantitation of the ex-
change flux in the transketolase(b) reaction. Obviously,
the flux distributions thus determined reveal no clues to
the differences between glucose and fructose metabolism.

[1-13C]xylose fermentation
Measurable fluxes and carbon balance

The fermentation data for the [1-13C]xylose fermentation
were as follows: culture volume, 300 ml; 19.7% *3C label
in C-1; steady-state biomass concentration, 1.16 g dry
wt./l; specific xylose uptake rate, 108 umol - (g dry wt.) -
min~L; and specific biomassyield, 2.7 g dry wt./mol of xy-
lose. Based on these values, the fluxes of precursors for
biomass synthesis were calculated from Table 2 and pre-



sented in Table 3 (fifth and sixth columns). According to
this analysis, 2.3% of the total carbon was used for bio-
mass synthesis, slightly more than for the fructose fer-
mentation. The elementary composition anaysis of the
cells indicated a 46.2% carbon content of the biomass,
equivalent to 1.9% of the total carbon uptake. This value
is 20% lower than the one obtained using the biomass
composition data from Tables 1 and 2, possibly reflecting
a somewhat altered biomass composition as compared to
growth on glucose and fructose.

The amount of carbon used for the synthesis of by-
products, 7.2% (Table 5), was more than threefold in-
creased as compared to the glucose fermentation. The by-
product spectrum (Table 4) was different from that of the
glucose and fructose fermentations, the principal compo-
nents now being xylose-derived xylitol and the intermedi-
ate xylulose (5.2 carbon %). More acetate was produced,
but much less lactate. Signals from several yet unidenti-
fied by-products could be observed in the proton-NMR
spectrum of the culture supernatant. These were estimated
to account for 1.0% in the carbon balance. It is an inter-
esting fact that apart from the xylose-derived by-products,
the amount of carbon used for by-product synthesis was
3.0%, which is ailmost identical to the value observed for
the fructose fermentation. This signifiesthat on the whole,
Z. mobilis seemed only little affected by the change from
C-6 substrates to a C-5 substrate, i.e. the introduction of
the heterologous genes did not lead to a disturbed redox
balancein the cell. The most striking difference wasin the
substrate uptake rate, which was almost fivefold lower for
xylose than for glucose. Also, considerable amounts of
residual substrate were found in the xylose fermentation.

Residual substrate, biomass and by-products accounted
for 15.1% of the carbon (Table 5). Theoreticaly, the re-
maining 84.9% should be retrieved in ethanol (56.6%)
and carbon dioxide (28.3%). While the ethanol measure-
ment was in accordance with this prediction — within ex-
perimental error —, the CO, measurement was somewhat
lower than predicted. Since this was the case for all three
fermentations, the carbon dioxide measurement may have
been biased.

Measured 13C enrichments

The NMR results for the xylose experiment are given in
Table 8. Disregarding the oxidative pentose phosphate
pathway and biosynthetic reactions, pathway stoichiom-
etry predicts that from three molecules of xylose, three
molecules of glyceraldehyde-3-phosphate and two mole-
cules of pyruvate will result. After inspection of the la-
belling patterns (Fig. 3) and assuming a 20% 3C enrich-
ment in xylose C-1 and a 1.1% enrichment (i.e. natural
abundance) in al other carbons, the expected labellings
are: 20% in ribose 5-phosphate C-1, 8.6% in pyruvate C-
1, 4.8% in pyruvate C-3 and ethanol C-2, and 8.6% in
CO,. The CO, label is aso expected in oxal oacetate C-4
and in 2-oxoglutarate C-1. Only natural-abundance 13C is
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Table 8 13C enrichments in precursor metabolites resulting from
the experiment with [1-13C]xylose as substrate. The input label
was 19.7% in C-1, and 1.1% (i.e. natural abundance) in all other
carbons. Valuesin italics are the corresponding val ues as predicted
from the best estimate for the flux distribution. The data were de-
rived from the NMR-measured amino acids and nucleotides iso-
lated from the hydrolysed biomass as follows: PGA from Gly and
Ser; OAA from Asp and Thr; AKG from Glu and Arg; PYR from
Ala, Leu and Val; PEP from Phe; E4P from Phe; and RI5P from
guanosine. The *3C enrichment in CO, was determined by infrared
spectroscopy (Marx et a. 1999) (PGA phosphoglycerate, OAA ox-
aloacetate, AKG 2-oxoglutarate, PYR pyruvate, PEP phospho-
enolpyruvate, E4P erythrose 4-phosphate, RISP ribose 5-phosphate
and nd not determined)

Meta- Relative 13C enrichment in carbon number

bolite
1 2 3 4 5
Ethaa 3.8+04 45+ 0.2
nol 15 45
PGA nd nd nd
1.1 1.1 1.1
OAA 13+02 05+0.7 05+07 83+x04
1.1 1.1 1.1 8.3
AKG 8.2+0.3 0.3+09 15+02 39+03 nd
79 1.1 1.1 4.3 1.5
PYR 70+ 05 30+15 45+ 0.3
75 15 4.5
PEP 0.7+ 06 1.1+£05 08+05
1.1 1.1 1.1
E4P 43+04 1.1+1 1.1+1 1.1+0.2
4.3 1.1 1.1 1.1
RI5P 19.1+0.6 27+13 1.1+05 11+05 24+10
17.6 2.2 1.1 1.1 1.1
CO, 81+05
8.3

expected in PEP. Comparing this with the experimentally
determined values (Table 8), it is apparent that while this
basic pattern is indeed observed, all enrichments are
lower than predicted, and severa carbons bear enrich-
ments that were not predicted from the simple stoichio-
metric model (ethanol C-1, pyruvate C-2, erythrose 4-
phosphate C-1, and ribose 5-phosphate C-2 and C-5.
Thus, significant label scrambling occurred. This obser-
vation istypical for cases where the transaldolase and/or
transketol ase reactions of the pentose phosphate pathway
show a significant degree of reversibility (Marx et al.
1996; Wiechert and De Graaf 1997; Wiechert et al.
1997). For instance, a reversible transketolase(b) reac-
tion in Fig. 3 would transfer label from fructose 6-phos-
phate C-3 [resulting from the transketolase(a) and
transaldolase reactions] to erythrose 4-phosphate C-1.
Upon subsequent reversible operation of transaldolase
and transketolase(a), this label would reach ribose 5-
phosphate C-2. However, also 6-phosphogluconate de-
hydrogenase activity would transfer label from 6-phos-
phogluconate C-3 to ribose 5-phosphate C-2 in a single

step.
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Fig.3 Scheme of the fate of [1-13C] label (shaded box) from xy-
lose during metabolism in Zymomonas mobilis CP4/pZY 228/
pZY557tal. Basic stoichiometry predicts that two molecules of
fructose 6-phosphate and one molecule of glyceraldehyde-3-phos-
phate are formed from three molecules of xylose. One fructose 6-
phosphate is labelled in C-1, the other in both C-1 and C-3. This
leads to four molecules of pyruvate: two unlabelled, one labelled
in C-1, and one double-labelled in C-1 and C-3. The glycerade-
hyde-3-phosphate resulting from the transketolase(b) reaction is
unlabelled and gives rise to unlabelled pyruvate. Following this
basic scheme, ribose 5-phosphate will only be labelled in C-1, and
no label will be present in erythrose 4-phosphate. However,
[2-13C]ribose-5-phosphate may result from [1,3-13C,]6-phospho-
gluconate metabolized via 6-phosphogluconate dehydrogenase,
and [1-13C]erythrose-4-phosphate may result from [1,3-13C,]fruc-
tose-6-phosphate via reverse operation of transketolase(b) (AR al-
doreductase, PGL phosphogluconolactonase, GND 6-phosphoglu-
conate dehydrogenase, EDD 6-phosphogluconate dehydratase,
EDA 2-keto-3-deoxy-gluconate aldolase, ENO enolase, PYK pyru-
vate kinase, PPC phosphoenolpyruvate carboxylase, PDC pyru-
vate decarboxylase, PDHC pyruvate dehydrogenase complex,
ADH alcohol dehydrogenases | and 11, XI xylose isomerase, XK
xylulokinase, PRE ribul ose-5-phosphate epimerase, PRI phospho-
ribose isomerase, TKT transketolase, TAL transaldolase, G6P glu-
cose 6-phosphate, F6P fructose 6-phosphate, 6PG 6-phosphoglu-
conate, KDPG 2-keto-3-deoxy-6-phosphogluconate, GAP glycer-
aldehyde-3-phosphate, PEP phosphoenol pyruvate, PYR pyruvate,
RUSP ribul ose 5-phosphate, RISP ribose 5-phosphate, XU5P xylu-
lose 5-phosphate, S7P sedoheptul ose 7-phosphate, E4P erythrose
4-phosphate, AcAld acetaldehyde, OAA oxaloacetate, AcCoA
acetyl-coenzyme A, CIT citrate, AKG 2-oxoglutarate, MAL malate,
FUM fumarate, and SUCC succinate)

Flux distribution

The subsequent flux estimation solved these questions. It
indicated (Table 9) that almost one-fifth, i.e. 18%, of the
total fructose 6-phosphate formed in the transaldolase and
transketolase(b) reactions was recycled over the oxidative
pentose phosphate pathway (6-phosphogluconate dehy-
drogenase) to ribulose 5-phosphate (Table 9), thereby
causing the elevated enrichment of ribose 5-phosphate C-
2. Indeed, one exchange flux could be identified from the
data, namely transketolase(b), in which the total forward
flux was 49.8 and the simultaneous reverse flux was 14.
The estimated relative standard deviations for this ex-
change flux and for the 6-phosphogluconate dehydroge-
nase flux were 23%.

The 13C enrichments in precursor metabolites pre-
dicted from the flux distribution are given in Table 8 for
comparison with the measured data. The average devia-
tion, normalized to the measurement error, between mea-
sured and predicted data was 1.5 for this fit. The discrep-
ancy between the experimental and predicted values for
ethanol C-1 aone contributed 50% to the total sum-of-
squares error function, suggesting a measurement error.

Enzyme activities

The enzyme activities of xylose isomerase, xylulokinase,
transaldolase, transketolase, and phosphoglucose iso-
merase determined from cells cultivated in independent
batch fermentations using the same xylose medium as for
the continuous culture are given in Table 10. Obviously,
the specific activities of all these enzymes vary very little
during the fermentation. Except for xylulokinase, the the-
oretical flux capacities derived from these activities are as
large as 785 (phosphoglucose isomerase) to 1,400 umol -
(g dry wt.)= - min-1 (other enzymes), which would be per-
fectly adequate to sustain the glycolytic rates observed dur-
ing glucose or fructose metabolism (Table 9) . The specific
activity of xylulokinase, however, suggests a maximum
flux capacity of 91 umol - (g dry wt.)=1 - min-! for thisen-
zyme, which is close to the 102 umol - (g dry wt.)? -
min determined from the flux estimation (Table 9).
Therefore, our data suggest a rate-limiting step in Z. mo-
bilis CP4/pZY 228/pZY 557tal at the level of xylulokinase.
The occurrence of xylulose in the culture underlines this.

Metabolite pool size investigations
using 3'P-NMR spectroscopy

The flux analysis results obtained for glucose and fructose
as substrates were amost identical (Table 9). Neverthe-
less, the by-product spectrum observed with the two sug-
arsdiffered considerably (Table 4). A puzzling fact isthat,
except for sorbitol, which represents a very minor by-
product, all these by-products derive from precursors at
the level of glyceraldehyde-3-phosphate or even further
down the Entner-Doudoroff pathway, i.e. from sections of



Table9 Intracellular flux distributions for the three fermentations
as determined by nonlinear |least-squares fitting of the flux model
(Fig.1) to the NMR and fermentation data. All fluxes are ex-
pressed on a molar basis as a percentage of the specific substrate
uptake rate. Values in parentheses represent the specific substrate
uptake rates (NI presumably present but not identifiable from the
data, GLK glucokinase, FRK fructokinase, XI xylose isomerase,
XK xylulokinase, PGI phosphoglucose isomerase, PGL phospho-
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gluconolactonase, EDD 6-phosphogluconate dehydratase, EDA
2-keto-3-deoxy-gluconate aldolase, ENO enolase, PYK pyruvate
kinase, PDC pyruvate decarboxylase, ADH acohol dehydroge-
nases | and 1, PRE ribulose-5-phosphate epimerase, PRI phospho-
ribose isomerase, TKT transketolase, TAL transaldolase, GND
6-phosphogluconate dehydrogenase, PPC phosphoenol pyruvate
carboxylase, and PDHC pyruvate dehydrogenase complex)

Flux name Flux value (%)

Glucose [uptake 525 pumol Fructose [uptake 469 umol Xylose [uptake 108 umol

(g dry weight)1 min] (g dry weight)~ min] (g dry weight)~ min]

Net Exchange Net Exchange Net Exchange
GLK 100.0 - - - - -
FRK - - 100.0 - - -
Xl - - - - 94.82 -
XK - - - - 94.8 -
PGI 0.2 99 99.9 NI 71.6 NI
PGL 99.8 - 99.9 - 71.6 -
EDD 99.4 - 99.6 - 58.6 -
EDA 99.4 - 99.6 - 58.6 -
ENO 98.8 - 97.1 - 93.1 -
PYK 97.4 - 95.5 - 92.4 -
PDC 192.6 - 190.3 - 149.8 -
ADH 190.2 - 188.8 - 1454 -
PRES 0.1 20.0 0.1 NI 231 NI
PRI 0.3 230 0.3 NI 36.1 NI
TKT(a) 0.0 4.9 0.0 NI 35.8 NI
TAL - - - - 35.8 NI
TKT(b) 0.0 142 0.0 13 35.8 14
GND 0.3 - 0.3 - 13.0 -
PPC 0.8 - 0.9 - 0.7 -
PDHC 1.0 - 12 - 0.9 -

1« dignifies that the corresponding flux was not included in the
model

2The remaining 5.2% was metabolized to the by-product xylitol
3The ribulose 5-phosphate, xylulose 5-phosphate and ribose 5-
phosphate pools were merged into a single pentose phosphate pool

the metabolism that are common to both fructose and glu-
cose metabolism. Therefore, 3IP-NMR spectroscopy in
vivo and on cell-free chloroform extracts was performed
to investigate intracellular metabolite levels.
Representative in vivo 3P-NMR spectra obtained
using the membrane cyclone bioreactor are shown in
Fig.4A and B. Table 11 shows the intracellular pool sizes
calculated from the spectra. These results reveal a very
significant, overall difference between intracellular ener-
getic pools during glucose and fructose fermentation.
NDP, NTR, UDP-sugar and intracellular inorganic phos-
phate concentrations were all approximately twofold
lower during fructose metabolism. Total NAD(P)(H)
pools were identical, but the glucose-fermenting cells
showed a higher concentration of cyclic pyrophosphate
(previoudly identified as 2-methylbutane-1,2,3,4-tetrahy-
droxy-2,4-cyclopyrophosphate; G. Schmitz, unpublished
work) and a derivative of it, as well as of polyphosphate,
which was absent from fructose-growing cells. Most
striking, the total sugar phosphate concentration during

for the modeling of the fructose and xylose fermentations. This is
equivalent to setting the ribulose-5-phosphate epimerase and ri-
bose-5-phosphate isomerase exchange fluxes to an infinitely high
value

fructose metabolism was fivefold higher than during glu-
cose fermentation. Since the various different individual
sugar phosphates could not be identified in the in vivo
spectra, 3IP-NMR measurements of cell-free chloroform
extracts from the two cultures were performed. Two rep-
resentative spectra are shown in Fig.5A and B. While
consistency checks indicated that almost 50% of the intra-
cellular metabolites were found in the 60% methanol su-
pernatant, the spectra clearly reflect a large difference in
composition of the sugar phosphate pools between the
two experiments. Due to the extreme sensitivity of the
sugar phosphate resonance positions towards changes in
the sample composition, only a few metabolites could be
unambiguously identified. Thus, the largest resonance in
both spectra, which was twofold higher for the fructose-
grown cells, was 3-phosphoglycerate. Resonances that
could be tentatively assigned to fructose 6-phosphate, ri-
bose 5-phosphate, sedoheptulose 7-phosphate and dihy-
droxyacetone phosphate were also several-fold more in-
tense for the fructose-grown cells. The peaks from glu-
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Table 10 Specific activities of xylose isomerase(Xl), xyluloki-
nase (XK), transaldolase (TAL), transketolase (TKT), and phospho-
glucose isomerase (PGI) determined in Zymomonas mobilis
CPA4/pZY 228/pZY 557tal cells taken at various time points during
the fermentation of xylose from independent batch fermentations
using the same medium as for the continuous culture

Table 11 Fermentation data and concentrations of intracellular
phosphorylated metabolites during high-cell-density growth of
Zymomonas mobilis CP4 on glucose and fructose. Cytoplasmic
pool sizes were determined from the in vivo 3'P-NMR spectra
(Fig.4A, B)

Glucose Fructose
Time  Specific activity (U/mg protein) fermentation fermentation
*) TAL TKT Xl XK PGI Cell dry mass 15.3 g dry weight/l 13.7 g dry weight/I
Residual substrate 17.2 g/l 23.7 g/l
29 27+01 2501 21+01 015002 12+02 Epanol 56.8 g/l 47.2 g/l
48 2601 25+01 23%01 015+002 13%01 (o 11.41/( - h) 12.21/( - h)
52 23+01 30+x01 22+01 014+003 14+0.1 Extracellular phosphate 0.2 mM 1.8 mM
72 2301 28+01 19x01 015+003 13x0.1 Intracellular phosphate 05 mM 0.2 mM
Total sugar phosphates 1.8 mM 9.5 mM
NDP 0.2 mM 0.1 mM
Pi., NTP 1.9 mM 0.9 mM
UDP-sugar 1.1 mM 0.4 mM
NAD(P)(H) 48mM 45mM
CPP 0.8mM 02mMm
Phosphate in poly- 6 mM 0mM
NAD(P)(H) phosphate
UDP-sugar 3PG
? *
| DHAP* D(':fp RISP*
() AMP
G6P ) ‘ Fs||>* | UMP
?PG ’ S|7P » 2PG B

5 0 -5 -10 -15 -20 -25  ppm
Fig.4 In vivo 3P-NMR spectra of high-cell-density cultures of
Zymomonas mobilis fermenting A glucose or B fructose in the
membrane cyclone bioreactor [sugar-P total sugar phosphates, Pi;,,
intracellular inorganic phosphate, Pi,, extracellular phosphate,
NDP nucleoside diphosphates, NTP nucleoside triphosphates,
NAD nicotine adenine dinucleotide, UDP-sugar uridine diphos-
phate sugar, CPP cyclic pyrophosphate, X unknown derivative of
CPP, PP polyphosphate; assignments, Hartbrich et a. (1996)]

cose 6-phosphate and 6-phosphogluconate were not sig-
nificantly different between the spectra

Discussion

The flux distributions during [2-3C]glucose and [2-
13C]fructose metabolism determined in this study were
virtually identical, with ethanol yields and by-product
spectra in accordance with the literature (Swings and De
Ley 1977; Rogers et al. 1982; Viikari and Korhola 1986;
Viikari 1988). While the overall fermentation carbon bal-
ances (Table 4) did not provide new insights into Z. mo-
bilis metabolism, the flux analysis indicated that ribose 5-
phosphate was primarily synthesized viathe reversible ac-

r T T T T T T T T

58 56 54 52 50 48 46 44

4.2 ppm

Fig.5 31P-NMR spectra of chloroform extracts taken from high-
cell-density cultures of Zymomonas mobilis fermenting A glucose
or B fructose in the membrane cyclone bioreactor. Only the sugar
phosphate region of the spectra is shown [DHAP dihydroxyace-
tone phosphate, (h) hydrate, (k) keto, 6PG 6-phosphogluconate,
G6P glucose 6-phosphate, S7TP sedoheptulose 7-phosphate, 3PG
3-phosphoglycerate, F6P fructose 6-phosphate, CoA coenzyme A,
RI5P ribose 5-phosphate, AMP adenosine monophosphate, UMP
uridine monophosphate, and 2PG 2-phosphoglycerate; assign-
ments, Strohhécker et al. (1993) and J. Strohh&cker and A. A. De
Graaf (unpublished work); * tentative assignments; ?unidentified
peaks]

tion of transketolase since no other reaction producing
[2-13C]ribose-5-phosphate is present in the metabolic
model used. A previous study also concluded that p-ri-
bose derivativesin Z. mobilis solely arise from the nonox-
idative pentose phosphate pathway (Rohmer et a. 1989).
Although transketolase is present in wild-type Z. mobilis
(Feldmann et al. 1992 a), the reported activity of 2 mU/mg



protein is far too low to explain the 13C labelling pattern
of ribose 5-phosphate found in this study, which would re-
quire 1.2 U/mg protein transketolase activity (Table 9)
and therefore must be considered unreadlistic. The latter
value, however, was predicted under the model assump-
tion that a net synthesis of ribose 5-phosphate must be pri-
marily due to activity of 6-phosphogluconate dehydroge-
nase, since otherwise erythrose 4-phosphate would accu-
mulate for which no apparent consuming reaction is pre-
sent in Z. mobilis besides the minor amounts needed in the
synthesis of the aromatic amino acids (Fig.2). There are
basically two explanations possible:

1. In Z. mobilis, an aternative biosynthetic pathway for
synthesis of [2-13C]ribose-5-phosphate exists.

2. An dlternative erythrose-4-phosphate-consuming path-
way other than that used for the common biosynthetic
purposes is present in Z. mobilis. This would allow
[2-13C]ribose-5-phosphate to be synthesized by transketo-
lase (rather than via 6-phosphogluconate dehydrogenase)
while the concomitantly produced erythrose 4-phosphate
would be consumed in the postulated reaction. This reaction
would require only 1.9 mU/mg protein of enzyme activity.

The 13C-based flux analyses also provided first evidence
for the reversible operation of phosphoglucose isomerase,
ribose-5-phosphate isomerase and ribulose-5-phosphate
epimerase in vivo in Z. mobilis during glucose and fruc-
tose metabolism.

Whereas the [2-13C]glucose and [2-13C]fructose exper-
iments generated no clues as to what might be the cause of
the different by-product spectra for the two substrates, the
SIP-NMR experiments revealed a global difference be-
tween the intracellular phosphorylated pool size patterns
in both cases. To the authors” best knowledge, no compar-
ative data on this subject have been published thus far.
From the 3P-NMR results, we hypothesize that during
fructose fermentation, the fructose 6-phosphate pool is
much higher than during glucose catabolism (as one in-
deed would expect), and that thisisthe primary cause of a
decreased growth yield and an increased by-product for-
mation in fructose-fermenting Z. mobilis. This view is
supported by the observation that overexpression of fruc-
tokinase in a mannose-utilizing recombinant strain of
Z. mobilis results in severe growth retardation (Weisser et
al. 1996).

The observed global alterations of phosphorylated
pools may result from an elevated fructose 6-phosphate
concentration, as described next. Via equilibrium reac-
tions, an increased fructose 6-phosphate level leads to in-
creased concentrations of pentose phosphate pathway in-
termediates such as ribose 5-phosphate and sedoheptulose
7-phosphate, which were found to be elevated in the 3P
extract spectra (assignments tentative). The total of these
changes influences some of the enzymes of the Entner-
Doudoroff pathway such that the 3-phosphoglycerate lev-
els increase and NDP and NTP pools decrease, as ob-
served. Unfortunately, in the studies reporting their ki-
netic characterization (Scopes and Griffiths-Smith 1984;
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Anderson and Dawes 1985; Scopes et a. 1985; Pawluk et
al. 1986; Scopes 1997), Z. mobilis glycolytic enzymes
were not tested for effects of pentose phosphate pathway
intermediates. The relative sizes of the NAD(P)(H) pools
that are important cofactors for a number of Z. mobilis
glycolytic enzymes could not be quantitated by either type
of 3IP-NMR measurements in the present study, thus pre-
venting a more detailed insight into the alterations of re-
action equilibria for these enzymes. The nonglycolytic in-
termediate, dihydroxyacetone phosphate (DHAP), linked
with the Entner-Doudoroff pathway via triosephosphate
isomerase, also increases as observed in the 3P extract
spectra (assignments tentative). This explains the in-
creased formation of dihydroxyacetone and glycerol dur-
ing fructose metabolism since these two compounds have
been shown to originate from dihydroxyacetone phos-
phate (Horbach et al. 1994). Our hypothesis suggests that
overexpression of phosphoglucose isomerase may restore
optimal growth and reduce by-product synthesis in fruc-
tose-fermenting Z. mobilis.

The flux distribution in Z. mobilis CP4/pZY 228/
pZY557tal during [1-13C]xylose metabolism as deter-
mined in this study revealed strongly atered metabolite
fluxes in this strain as compared to the wild-type.
Whereasin the latter only aslittle as 1% of the carbon was
metabolized over the pentose phosphate pathway, the re-
combinant strain was able to metabolize all the xylulose
5-phosphate supplied by the xyloseisomerase and xylu-
lokinase reactions via the heterologous transketolase and
transaldolase enzymes. The resulting fructose 6-phos-
phate and glyceraldehyde-3-phosphate was efficiently
metabolized in Z. mobilis via the Entner-Doudoroff path-
way. In contrast to the hypothesis of Zhang et al. (1995)
that possibly the pathway control structure resists a radi-
cal ateration of metabolic flux distribution such asis nec-
essary for xylose metabolism in Z. mobilis, our analysis
showed that the biomass yield on xylose was identical to
that on glucose (Table 5) and that the ethanol/carbon diox-
ide yield was as high as 88% (Table 9). This definitely
rules out network misadaptations such as a redox imbal-
ance. The question why the xylose-degrading strain
showed growth rates and ethanol productivities that are
four- to fivefold reduced in comparison to the wild-type
can unequivocally be answered by the results of this study,
which show that the in vivo activity of xylulokinase
equal s the specific activity (i.e. the V,,5) determined from
cell-free extracts. Thus, this enzyme must be rate-limiting,
and further attempts to improve the strain should concen-
trate on increasing its expression level. It can reasonably
be expected that if sufficiently high levels of xylulokinase
overexpression can be reached, the intracellular levels of
xylulose and therewith also of xylose will strongly de-
crease. This will then lead to a significantly reduced syn-
thesis of xylulose and possibly aso of the main by-prod-
uct, xylitol. In this way, the ethanol yield may rise to 93%
(extrapolated from Table5), amost equivalent to that of
fructose metabolism. In fact, an ethanol yield of 92.3% of
the theoretical maximum has aready been observed in a
batch fermentation with the CP4/pZY 228/pZY 557tal
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strain (Laufer 1998). The flux analysis furthermore pre-
dicted a 6-phosphogluconate dehydrogenase activity of
23mU/mg protein, which is higher than previously re-
ported values (Feldmann et al. 1992a) but which should
not be considered beforehand as unlikely because the
6-phosphogluconate dehydrogenase assay requires exten-
sive pretreatment procedures of the cell-free crude extract
(Feldmann et al. 19924a) that may influence 6-phospho-
gluconate dehydrogenase activity.

In conclusion, this study demonstrated for the first time
that the differences between glucose and fructose fermen-
tation in Z. mobilis relate to a global alteration of the in-
tracellular levels of phosphorylated metabolites in this or-
ganism. Furthermore, the rate-limiting step in a recently
constructed xylose-degrading recombinant strain was
identified as the xylulokinase reaction, and strong evi-
dence was provided that this strain isin principle capable
of producing ethanol at specific yields equally as high as
those observed for fructose in wild-type Z. mobilis.
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