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Escherichia coli that is unable to metabolize D-glucose (with knockouts in ptsG, manZ, and glk) accumulates a small amount of
D-glucose (yield of about 0.01 g/g) during growth on the pentoses D-xylose or L-arabinose as a sole carbon source. Additional
knockouts in the zwfand pfkA genes, encoding, respectively, D-glucose-6-phosphate 1-dehydrogenase and 6-phosphofructoki-
nase I (E. coli MEC143), increased accumulation to greater than 1 g/liter p-glucose and 100 mg/liter D-mannose from 5 g/liter
D-xylose or L-arabinose. Knockouts of other genes associated with interconversions of D-glucose-phosphates demonstrate that
D-glucose is formed primarily by the dephosphorylation of D-glucose-6-phosphate. Under controlled batch conditions with 20
g/liter p-xylose, MEC143 generated 4.4 g/liter D-glucose and 0.6 g/liter D-mannose. The results establish a direct link between
pentoses and hexoses and provide a novel strategy to increase carbon backbone length from five to six carbons by directing flux

through the pentose phosphate pathway.

he pentose phosphate (PP) pathway interconverts phospho-

sugars having 3 to 7 carbon atoms principally by the action of
the reversible enzymes transketolase and transaldolase. During
the consumption of hexoses such as D-glucose or D-fructose, entry
of carbon into this pathway provides many microorganisms, in-
cluding Escherichia coli, the means to generate the reduced cofac-
tor NADPH and to synthesize specific building-block compounds
derived from intermediates of this pathway (e.g., phenylalanine,
histidine, and ribose). For microorganisms having the requisite
kinases and sugar transport mechanisms, the PP pathway also
provides convenient entry points for the catabolism of many other
sugars, including D-xylose and L-arabinose (49).

We have previously studied D-xylose and L-arabinose metabo-
lism in E. coli that lacks the ability to metabolize p-glucose due to
knockouts in the ptsG, manZ, and glk genes (1-3). Recently, small
but consistent amounts (about 50 mg/liter) of D-glucose were ob-
served as the accumulated end product when E. coli ptsG manZ glk
was grown on 5 g/liter of either pentose in a defined medium
(unpublished data). How might p-glucose be derived from these
pentoses?

Both D-xylose and L-arabinose are converted to the common in-
termediate D-xylulose-5-phosphate (D-xylulose-5P) (Fig. 1), which
via the PP pathway partitions to 67% D-fructose-6P and 33% D-glyc-
eraldehyde-3P without the involvement of ATP:

3p-xylulose-5P — 2D-fructose-6P + D-glyceraldehyde-3P
(1
During growth of cells having a complete glycolytic pathway, the 2
mol of D-fructose-6P formed via equation 1 readily generates 4 mol of
D-glyceraldehyde-3P. For D-glucose to accumulate from pentoses in
cells prevented from metabolizing D-glucose, we reasoned that some
D-fructose-6P generated from these pentoses (i.e., by equation 1) is
converted “back” to D-glucose and that once formed, the D-glucose is
unable to reenter metabolism in the triple knockout strain. We fur-
thermore hypothesized that even more D-glucose would accumulate
from pentoses in cells that were further constrained from metaboliz-
ing D-fructose-6P or D-glucose-6P.
Because D-fructose-6P conversion to D-glyceraldehyde-3P is
ubiquitous in wild-type organisms, D-glucose is not typically con-
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sidered a product of D-xylose or L-arabinose metabolism, and the
conversion of these pentoses to readily available p-glucose would
initself not seem to be an economically viable process. However, if
the yields and rates were sufficiently large, the accumulation of
hexoses directly from pentoses might advance the use of lignocel-
lulosic hydrolysates with organisms, such as Saccharomyces cerevi-
siae, which metabolize D-glucose readily but are natively unable to
consume pentoses. Moreover, conversion of 5-carbon saccharides
into 6-carbon saccharides derived from D-fructose-6P offers a
unique platform both to build carbon length and potentially to
generate compounds in industrially relevant organisms such as E.
coli that might not be possible under typical conditions in which
products of D-fructose-6P do not accumulate.

The objectives of this study were to examine D-glucose forma-
tion from the pentoses D-xylose and L-arabinose. Specifically, we
sought to identify the pathway involved in the formation of D-glu-
cose from pentoses and to increase further the formation of p-glu-
cose by preventing D-fructose-6P and D-glucose-6P metabolism.
Finally, under the controlled conditions of a bioreactor, we exam-
ined whether elevated concentrations of D-glucose could be syn-
thesized from either D-xylose or L-arabinose as a sole carbon
source.

MATERIALS AND METHODS

Bacterial strains. Escherichia coli ALS1048 [MG1655 AptsG763::(FRT)
AmanZ743::(FRT) Aglk-726::(FRT)] was used to construct additional
strains as listed in Table 1 (2). These strains were constructed by trans-
ducing ALS1048 with the corresponding Keio (FRT)Kan deletions (4)
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FIG 1 The pentose phosphate pathway and upper glycolysis of Escherichia coli, considering either L-arabinose or b-xylose as a carbon source and which form
D-xylulose-5P as a common intermediate (dashed line). Genes (underlined) and the enzymes they encode are as follows: glucose-1-phosphatase (EC 3.1.3.10)
(encoded by agp), phosphoglucomutase (EC 5.4.2.2) (pgm), b-glucose-6P isomerase (EC 5.3.1.9) (pgi), D-glucose-6P 1-dehydrogenase (EC 1.1.1.49) (zwf), and
6-phosphofructokinase I (EC2.7.1.11) (pfkA). E. coli ptsG manZ glk (strain ALS1048) has gene deletions which prevent the microbe from metabolizing D-glucose
(knockout indicated by double line). The conversion of D-fructose-1,6P, to glyceraldehyde-3P is mediated by enzymes in several steps (dashed line).

and, if necessary, curing the Kan" using the pCP20 plasmid, which con-
tains a temperature-inducible FLP recombinase as well as a temperature-
sensitive replicon (5). All strains were verified by PCR.

In one experiment, the pgi gene, encoding E. coli b-glucose-6P isomer-
ase, was overexpressed. To construct the pTrc99A-pgi plasmid, the pgi
gene was PCR amplified with primers 5'-GGGAAAGAATTCAAAAA
CATCAATCCAACGCAGACCGC-3' (forward) and 5'-GGGAAAGGAT
CCTTAACCGCGCCACGCTTTATAGCG-3" (reverse) using E. coli
BW25113 genomic DNA as the template. The 1,671-bp PCR product was
purified, restricted with EcoRI and BamH]I, and ligated into the regulable
expression vector pTrc99A that had also been restricted with EcoRI and
BamHI to yield the plasmid pTrc99A-pgi, which was subsequently trans-
formed into MEC320 and MEC321.

Growth medium and conditions. The defined medium used for
the shake flask experiments contained (per liter) 1.70 g citric acid,
13.30 g KH,PO,, 4.50 g (NH,),HPO,, 1.2 g MgSO, - 7H,0O, 13 mg
Zn(CH,;COO0), - 2H,0, 1.5 mg CuCl, - 2H,0, 15 mg MnCl, - 4H,0, 2.5
mg CoCl, - 6H,0, 3.0 mg H;BO;, 2.5 mg Na,MoO, - 2H,0, 100 mg
Fe(III) citrate, 4.5 mg thiamine - HCI, 8.4 mgNa,(EDTA) - 2H,0, and 5.0
g D-xylose, L-arabinose, glycerol, or p-fructose. The pH was adjusted to 7.0
with 30% (wt/vol) NaOH. Cells were routinely stored on lysogeny broth
(LB) agar plates and transferred to 20 ml defined medium in a 125-ml
shake flask, from which 2 ml was transferred to the 50 ml defined medium

TABLE 1 E. coli strains used in this study

in a 250-ml shake flask used for these studies. Shake flask studies were
replicated 3 to 6 times for each strain and pentose when D-glucose was
detected. Statistical analyses were completed using Student’s ¢ test (two
tailed, equal variance), and a P value of <0.10 was considered the criterion
for significance. For larger-scale studies in a controlled bioreactor, the
sequence of transfers was identical, and the 50 ml from the final shake flask
was used to inoculate the larger vessel. The flasks were incubated at 37°C
with an agitation of 250 rpm. Samples were stored at —20°C for subse-
quent analysis.

A single controlled batch process at a 1.0-liter volume was carried out
using D-xylose in a 2.5-liter bioreactor (Bioflo 2000; New Brunswick Sci-
entific Co. Edison, NJ, USA). The same defined medium was used except
that the concentration of p-xylose was 20 g/liter. Air or oxygen as neces-
sary was sparged into the fermentor with the agitation set at 500 rpm to
maintain the dissolved oxygen above 40% saturation. The pH was con-
trolled at 7.0 using 20% NaOH, and the temperature was controlled at
37°C. Antifoam C (Sigma) was used as necessary to control foaming.

Continuous processes using MEC143 operated as nitrogen (N)-lim-
ited chemostats at a 1.0-liter volume were conducted in the same 2.5-liter
fermentor. To ensure N limitation and prevent contamination, the me-
dium contained (per liter) 1.0 g (NH,),HPO, (15 mM N), 8.0 g p-xylose,
and 40 mg kanamycin, but otherwise it remained unchanged. Four dilu-
tion rates (growth rates) were examined in the range 0.08 to 0.15h ™", and

Strain Genotype Reference
ALS1048 MG1655 AptsG763::(FRT) AmanZ743::(FRT) Aglk-726::(FRT) 2
MECI132 ALS1048 ApfkA775::Kan This study
MEC143 ALS1048 ApfkA775::(FRT) Azwf-777::Kan This study
MEC144 ALS1048 Azwf-777::Kan This study
MECI51 ALS1048 ApfkA775::(FRT) Azwf-777::(FRT) Amak-759::Kan This study
MECI152 ALS1048 ApfkA775::(FRT) Azwf-777::(FRT) Aagp-746::Kan This study
MEC178 ALS1048 ApfkA775::(FRT) Azwf-777::(FRT) Agcd-742::Kan This study
MECI180 ALS1048 ApfkA775::(FRT) Azwf-777::(FRT) AxylA748::Kan This study
MEC319 ALS1048 ApfkA775::(FRT) Azwf-777:(FRT) Apgm-736:Kan This study
MEC320 ALS1048 ApfkA775::(FRT) Apgi-721::Kan This study
MEC321 ALS1048 ApfkA775::(FRT) Azwf-777::(FRT) Apgi-721::Kan This study
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a steady-state condition was assumed after four residence times, at which
time the oxygen and CO, concentrations in the effluent gas appeared
constant. These processes were conducted at 37°C with an air flow rate of
0.5 liter/min, an agitation of 400 rpm, and a pH of 7.0. The dissolved
oxygen remained above 40% saturation. A carbon balance was completed
using a unit carbon formula weight for E. coli cell mass of 24.6 g/mol (6).

Analytical methods. The optical density (OD) at 600 nm (UV-650
spectrophotometer; Beckman Instruments, San Jose, CA) was used to
monitor cell growth. Liquid chromatography with a refractive index de-
tector and a Coregel 64-H ion-exclusion column (Transgenomic Ltd.,
Glasgow, United Kingdom) using a mobile phase of 4 mN H,SO, was
used for analysis of sugars and acetic acid as described previously (7). For
dry cell weight measurement, three 25.0-ml samples were centrifuged
(8,400 X g, 10 min), and the pellets were washed by vortex mixing with 30
ml 0.9% saline solution and then centrifuged again. After repeating the
washing step twice using deionized (DI) water, the cell pellets were dried
at 60°C for 24 h and weighed. The concentrations of oxygen and CO, in
the off-gas were measured using a gas analyzer (Innova 1313 gas monitor;
Lumasense Technologies, Ballerup, Denmark).

The presence of sugars was confirmed by comparing samples with
standards using a derivatization protocol with a gas chromatograph-mass
spectrometer (GC-MS) (8). The GC-MS method was used only for iden-
tification and not quantification, in particular in those cases in which the
analytes eluted closely by high-pressure liquid chromatography (HPLC)
(p-mannose and D-xylose) or to confirm the absence of a sugar (e.g.,
D-fructose). Briefly, samples were centrifuged, the supernatant evapo-
rated to dryness, and samples then derivatized with 700 pl hexamethyld-
isilazane, 200 pl anhydrous pyridine, and 10 pl trifluoroacetic acid at
60°C for 3 h. Detection of derivatized analytes was accomplished with a
GC-MS (electron ionization energy of 70 eV) (HP6890/HP5973; Agilent
Technologies, Inc., Santa Clara, CA, USA). One microliter was injected
onto a 30 m HP-5MS column (Agilent Technologies, Inc.) in the split-
flow mode at 30:1 with a 1-ml/min flow rate. The temperature profile
began at 50°C for 1 min, increased at 2°C/min to 100°C, increased at
5°C/min to 250°C, and held for 5 min. The injector temperature was
250°C, MS source was 230°C, MS Quad was 150°C, and GC-MS interface
was 280°C. For the N-limited chemostats, the ammonia nitrogen
(NH,-N) in feed and effluent was analyzed using the colorimetric EPA
method 350.1 (9).

We used nuclear magnetic resonance (NMR) to demonstrate that p-
glucose was formed biologically and accumulated in the medium. Four
samples were analyzed: a glucose standard, a p-glucose-6P standard, a
sample from a shake flask experiment (i.e., containing p-glucose), and a
D-glucose-6P standard incubated in sterile medium for 24 h at 37°C. NMR
data were acquired using a Varian Inova instrument with a cryogenic
probe system at 14.1 T (600 MHz "H). The sample temperature was main-
tained at 25°C. Standard, natural-abundance, two-dimensional 'H,">C
heteronuclear single quantum coherence (*H,">C-HSQC) spectra were
acquired in the constant-time ('*C-decoupled) mode. Chemical shift as-
signments were made by reference to database entries and published
works (10-15). The 'H chemical shifts were referenced with respect to
external Na*DSS™ (sodium 4,4-dimethyl-4-silapentane-1-sulfonate) in
D,0at 25°C (0.0 ppm). The '>C chemical shifts were referenced indirectly
assuming the absolute frequency ratio ’C/'H = 0.251449530 (16). D,O
was added to samples to a final concentration of approximately 7% for
instrumental lock. NMR data were processed and signal intensities mea-
sured using Felix (Accelrys, San Diego, CA).

RESULTS

Formation of glucose from xylose or arabinose. E. coli ALS1048
contains knockouts in the ptsG, manZ, and glk genes and is unable
to metabolize D-glucose (2). Using this strain as a baseline for
comparison, we first sought to determine whether additional D-
glucose would accumulate from either p-xylose or L-arabinose if
D-fructose-6P and D-glucose-6P were prevented from entering
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FIG 2 Comparison of E. coli strains for the production of b-glucose from 5
g/liter L-arabinose or 5 g/liter D-xylose. All strains are derived from ALS1048
(MG1655 ptsG manZ glk) and have additional gene knockouts as indicated.
Strains which accumulated D-glucose were studied in 3 to 6 replicate cultures
grown at 50 ml in a 250-ml shake flask, and error bars show the standard error
of the measurements from these replicate samples. An asterisk indicates a
significant difference (P < 0.10) in yield of b-glucose from D-xylose compared
to from L-arabinose.

glycolysis and the PP pathway. Specifically, we first constructed
strains with additional knockouts in pfkA, encoding 6P-fructoki-
nase I (EC 2.7.1.11), and/or zwf, encoding D-glucose-6P 1-dehy-
drogenase (EC 1.1.1.49). During growth in shake flasks using
either 5 g/liter D-xylose or 5 g/liter L-arabinose, ALS1048 and
ALS1048 zwf (MEC144) accumulated D-glucose at a yield of about
0.01 g/g from either pentose (Fig. 2), while ALS1048 pfkA
(MEC132) generated D-glucose at yields of 0.13 g/g from D-xylose
and 0.17 g/g from L-arabinose. Eliminating both pathways in
ALS1048 pfkA zwf (MEC143) resulted in the accumulation of p-
glucose at yields 0f 0.26 to 0.29 g/g. For both pfkA knockout strains
MECI132 and MEC143, we also observed the formation of 60 to
180 mg/liter b-mannose using HPLC, which was confirmed by
GC-MS (see Materials and Methods). No other product such as
D-fructose was identified by GC-MS. Moreover, the b-glucose and
D-mannose were not metabolized within several hours after the
pentose was exhausted. These results clearly show that E. coli can
generate D-glucose from pentoses through D-fructose-6P, suggest-
ing a route for the formation of 6-carbon products from 5-carbon
substrates by preventing the intermediate D-fructose-6P from en-
tering glycolysis and the PP pathway (Fig. 1). We also repeated the
identical shake flask experiments using MEC143 with 5 g/liter
glycerol or 5 g/liter D-fructose and observed D-glucose as a final
product at a concentration of 60 mg/liter or 75 mg/liter, respec-
tively (yield of about 0.01 g/g).

Identification of key enzymes involved in glucose formation.
By preventing D-glucose utilization in E. coli while simultaneously
blocking entry of D-fructose-6P into glycolysis and reentry into
the PP pathway, significant D-glucose formed from D-xylose or
L-arabinose (Fig. 2). We therefore sought next to clarify the path-
way that E. coli uses to convert D-fructose-6P to D-glucose by con-
structing additional knockout strains.

The formation of some D-mannose during the accumulation of
D-glucose suggests the involvement of D-mannose as a pathway
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intermediate. Also, one possible route for D-glucose formation
from D-fructose-6P would be via D-fructose. The enzyme man-
nokinase (EC 2.7.1.4), encoded by mak, is known to phosphory-
late p-mannose and D-fructose (17). We therefore hypothesized
that mannokinase might be involved in the accumulation of D-
glucose from pentoses via the conversion of D-fructose-6P to D-
fructose. However, E. coli ALS1048 pfkA zwf mak (MEC151) did
not show any difference in D-glucose formation from either pen-
tose compared to MEC143 (Fig. 2). Also, D-mannose was formed
as before (230 to 270 mg/liter), supporting the conclusion that
mannokinase is not involved in the formation of either p-man-
nose or D-glucose from pentoses.

Another pathway that potentially could serve to form D-glu-
cose is via the enzyme xylose isomerase (EC 5.3.1.5). In addition to
interconverting D-xylose and D-xylulose, the E. coli xylose isomer-
ase interconverts D-fructose and D-glucose (18-20), but less effi-
ciently (21). Though the K,, values for D-fructose, b-glucose, and
D-xylose have not been reported for the E. coli enzyme, the k,,
values for D-glucose and D-fructose are similar to those for the
enzymes from other organisms (22), suggesting that D-fructose
and D-glucose both readily serve as substrates for this isomeriza-
tion. We therefore knocked out the xylA gene to form strain
ALS1048 pfkA zwf xylA (MEC180). Of course, the xylA knockout
also renders this strain unable to consume D-xylose, and therefore
only the conversion of L-arabinose to D-glucose could be exam-
ined. The deletion of xylose isomerase reduced the D-glucose yield
only slightly to 0.23 g/g (Fig. 2), and b-mannose was detected at
170 to 190 mg/liter, corresponding to a yield of about 0.03 g/g.
These results suggest that xylose isomerase does not play a signif-
icant role in the formation of both p-glucose and b-mannose from
pentoses.

We next examined one possible route through which p-glucose
could be utilized. The ged gene, encoding glucose dehydrogenase
(EC 1.1.5.2), is able to convert D-glucose into D-glucono-1,5-lac-
tone, which can then spontaneously form gluconate (23), al-
though pyrroloquinoline quinone appears to be necessary for this
conversion in E. coli (24). In order to determine whether p-glu-
cose accumulation is influenced by glucose dehydrogenase, we
constructed ALS1048 pfkA zwf gcd (MEC178). MEC178 formed
D-glucose from D-xylose (yield of 0.28 g/g) or from L-arabinose
(0.30 g/g), and also formed 110 to 150 mg/liter b-mannose from
either pentose (0.03 g/g), indicating that this route does not sig-
nificantly affect hexose formation (Fig. 2).

We next examined whether the formation of D-glucose was the
result of the hydrolysis of either D-glucose-1P or D-glucose-6P.
D-Fructose-6P is converted to D-glucose-6P by D-glucose-6P
isomerase encoded by pgi, D-glucose-6P is converted to D-glu-
cose-1P by phosphoglucomutase encoded by pgm, and p-glu-
cose-1P can be dephosphorylated by b-glucose 1-phosphatase en-
coded by agp (Fig. 1). The D-glucose yield was unchanged as a
result of the agp knockout (ALS1048 pfkA zwfagp [MEC152]) and
was 0.18 to 0.20 g/g with a pgrm knockout (ALS1048 pfkA zwf pgm
[MEC319]). Both MEC152 and MEC319 accumulated 130 to 170
mg/liter D-mannose from 5 g/liter of either pentose. However,
D-glucose and b-mannose formation was completely eliminated
as a result of the pgi knockout (ALS1048 pfkA zwf pgi [MEC321])
(Fig. 2). Because MEC319 showed a slight reduction in D-glucose
yield, the results do not exclude the possibility of some D-glu-
cose-1P hydrolysis resulting in D-glucose formation, although the
lower observed glucose yield in MEC319 than in MEC143 could
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FIG 3 Confirmation of D-glucose production from xylose, using an overlay of
the two-dimensional, 'H,"?C-HSQC NMR spectra of a sample of product
from the pentose (black contours, medium after xylose was exhausted by cells,
with D,0 added to 7%) and a sample using authentic glucose-6P in medium
(gray contours, with D,0O added to 7%). The molecules are distinguished be-
cause the presence of the phosphate group on D-glucose-6P promotes charac-
teristic 'H and ">C chemical shift changes, compared to D-glucose, for the
nuclei at positions nearer the site of glucose attachment (positions 6, 5, and 4,
with smaller changes at 3, 2, and 1). Comparison with spectra of authentic
D-glucose (not shown) confirms the identities. The data demonstrate that
D-glucose is the fermentation product from xylose and that D-glucose does not
form by extracellular hydrolysis of D-glucose-6P under the conditions of the
experiments.

also be simply due to the cells’ reduced ability to form necessary
metabolites from D-glucose-1P and UDP-D-glucose. The com-
plete elimination of D-glucose formation as a result of a pgi
deletion supports the conclusion that the hydrolysis of p-glu-
cose-6P is the principal final step by which p-glucose is formed
from pentoses.

Two additional experiments were conducted to confirm the
role of pgi in D-glucose formation. First, because the pgi knockout
blocks D-glucose-6P formation (Fig. 1), the zwf knockout should
not affect b-glucose formation in a pgi knockout. In other words,
the ptsG manZ glk pfkA pgi strain should also be unable to accu-
mulate D-glucose. We therefore examined ALS1048 pfkA pgi
(MEC320) and indeed observed no D-glucose formation from ei-
ther D-xylose or L-arabinose (Fig. 2). Second, we transformed both
MEC320 and MEC321 with pTrc99A-pgi expressing native b-glu-
cose-6P isomerase, and these strains regained the ability to accu-
mulate D-glucose from either D-xylose or L-arabinose. MEC320
pTrc99A-pgi attained a yield of 0.09 g/g, and MEC321 pTrc99A-
pgi attained a yield of 0.13 g/g.

Interestingly, knockout strains which generated more than
0.05 g/g D-glucose accumulated significantly more D-glucose from
L-arabinose than from D-xylose (P < 0.10) (Fig. 2), except
MEC178 (ALS1048 pfkA zwf gcd), for which there was no signifi-
cant difference. For example, MEC143 (ALS1048 pfkA zwf) gen-
erated 27% more D-glucose from L-arabinose than from D-xylose.

Finally, we confirmed that D-glucose was the biological prod-
uct from both pentoses by comparing the NMR spectra of p-glu-
cose and D-glucose-6P and also by demonstrating that D-glucose
could not have formed from D-glucose-6P by chemical hydrolysis
within the medium or during the HPLC procedure at the temper-
atures used (Fig. 3). The NMR results confirm that extracellular
D-glucose and not D-glucose-6P was the biological product of D-
xylose or L-arabinose metabolism in these knockout strains.
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FIG 4 Accumulation of D-glucose (¥) and D-mannose (A) from 20 g/liter
D-xylose (@) by E. coli MEC143 (MG1655 ptsG manZ glk pfkA zwf). Cell den-
sity is measured as optical density ([1).

Batch process to accumulate glucose. The previous experi-
ments were all conducted in shake flasks using 5 g/liter L-arabinose
or D-xylose. We next conducted an experiment using MEC143 in
a controlled bioreactor with approximately 20 g/liter D-xylose to
determine if a proportionate increase in D-glucose (and D-man-
nose) accumulation would be observed. In this batch run, 4.4
g/liter D-glucose and 0.61 g/liter D-mannose were formed in 25 h
for an observed mass yield from p-xylose 0f 0.21 g D-glucose/g and
0.03 g p-mannose/g (Fig. 4). Furthermore, neither p-glucose nor
D-mannose was reassimilated 5 h after D-xylose was exhausted. A
nearly proportionate increase in product formation was observed
in these controlled processes compared to the shake flask studies,
suggesting that D-glucose formation is not inhibited or repressed
by p-glucose accumulation. This result also demonstrates a poten-
tial for generating substantial quantities of 6-carbon hexoses from
5-carbon pentoses.

Continuous processes to accumulate glucose. Chemostats are
a convenient tool to study microbial growth and product forma-
tion under nutrient-limited conditions. During the batch process
previously studied, the cells were grown under nutrient-excess
conditions, and we reasoned that carbon flux might be maximal if
the cells were grown under conditions for which growth was lim-
ited by a nutrient other than carbon. Furthermore, being at steady
state and at a controlled growth rate, a chemostat would demon-
strate whether the D-glucose observed is formed as a transient
product or only during maximal cell growth. We therefore next
grew MEC143 under nitrogen-limiting conditions by increasing
the concentration of D-xylose and decreasing the concentration of
the nitrogen source (see Materials and Methods). At four different
dilution rates (0.08 h™' to 0.15 h™'), the observed yields averaged
0.26 (+0.08 [standard deviation]) g D-glucose/g bD-xylose and 0.23
(£0.03) g dry cells/g D-xylose, and these values did not vary with
dilution rate. The mean carbon recovery was 108% (*11%), and
2.3 to 3.3 g/liter D-xylose and less than 0.5 mg/liter N were de-
tected in the effluents. These results demonstrate that D-glucose
formation is not a transient phenomenon. Since the yields in the
nitrogen-limited chemostats were similar to yields observed in
batch processes, D-glucose does appear to form as an overflow
metabolite.

DISCUSSION

During growth on D-xylose or L-arabinose, wild-type E. coli gen-
erates 2 mol of D-fructose-6P and 1 mol p-glyceraldehyde-3P from
3 mol of either pentose (equation 1). If the glycolytic pathway is
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complete, the 2 mol of D-fructose-6P formed via equation 1 read-
ily generates 4 mol of D-glyceraldehyde-3P. Indeed, because the
conversion of D-fructose-6P to D-glyceraldehyde-3P is readily ac-
complished in widely studied microorganisms, D-fructose-6P is
typically not thought of as an intermediate of pentose metabolism.
However, our results demonstrate that E. coli can direct this met-
abolic intermediate D-fructose-6P into other 6-carbon (i.e.,
hexose) end products such as b-glucose when three conditions are
met.

A first condition for the accumulation of products derived
from pentoses via D-fructose-6P is that glycolysis must be dis-
rupted between D-fructose-6P and D-glyceraldehyde-3P. By
blocking glycolysis, the pentose phosphate pathway essentially be-
comes a branched pathway during the metabolism of b-xylose or
L-arabinose with two separate products, D-fructose-6P and
D-glyceraldehyde-3P (Fig. 1). That is, when D-fructose-6P cannot
enter glycolysis, it becomes available for the formation of other
6-carbon products, while the D-glyceraldehyde-3P remains avail-
able for the generation of ATP, NADH, and the precursors that
exist metabolically “below” D-glyceraldehyde-3P via the terminal
steps of glycolysis and the tricarboxylic acid cycle. In E. coli, the
entry of D-fructose-6P into glycolysis can be blocked by a deletion
in the pfkA gene.

A second condition to facilitate the accumulation of hexoses
from pentoses is that metabolites should be prevented from reen-
tering the PP pathway, for example, from D-glucose-6P. In E. coli
the reentry of D-glucose-6P into the PP pathway can be prevented
by a knockout of the zwf gene (Fig. 1). Finally, as a third condition,
the ultimate product must be excreted and should not be reme-
tabolized. Our results demonstrate that the knockouts in the p#sG,
manZ, and glk genes effectively block p-glucose metabolism and at
least curtail its reassimilation once generated.

E. coli MEC143, which met these three conditions, accumu-
lated significant D-glucose from either of two pentoses, L-arabi-
nose or D-xylose. Interestingly, bD-glucose was also observed, but to
a much lesser extent, when glycerol or D-fructose was the sole
carbon source in the same strain, probably as a result of the for-
mation of a small quantity of D-fructose-6P generated via the non-
oxidative PP pathway. Another sugar derived from D-fructose-6P,
D-mannose, was also consistently observed as a by-product of D-
glucose formation. p-Mannose likely accumulated as a result of
the manZ gene deletion in all the strains studied, which prevented
the uptake of not only D-glucose but also this sugar.

Of the several knockouts examined to clarify the route for p-
glucose formation from the intermediate D-fructose-6P, only a
deletion of the pgi gene, encoding D-glucose-6P isomerase, elimi-
nated D-glucose formation. Although this result implicates D-glu-
cose-6P as the direct precursor to extracellular p-glucose, we do
not establish how D-glucose-6P itself is hydrolyzed. Unfortu-
nately, E. coli has numerous candidate enzymes that could hy-
drolyze D-glucose-6P: a periplasmic acid phosphatase (25), an
alkaline phosphatase (26), and eight different haloacid dehalo-
genase-like hydrolases (27) have all been observed to hydrolyze
D-glucose-6P under various environmental conditions. Each of
these enzymes might mediate the final step to D-glucose during
growth on D-xylose or L-arabinose.

All strains in this study had knockouts in the ptsG, manZ, and
glk genes, encoding proteins involved in the principal means for
D-glucose uptake in E. coli (28). There is no report of these pro-
teins being involved in D-glucose export, and our results provide
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no guidance to this process. E. coli has several known porins and
permeases that can translocate D-glucose through the outer and
cytoplasmic membranes (though previous studies have invariably
focused on sugar import). For example, porins OmpF and OmpC
transport D-glucose by passive diffusion across the outer mem-
brane (29, 30). LamB functions as a broad-specificity glycoporin
which transports b-glucose among other mono- and polysaccha-
rides (31). Galactose permease (GalP) readily transports D-glu-
cose across the cytoplasmic membrane (32). In fact, for strains
deficient in the phosphotransferase system (PTS) uptake system
(ptsH, ptsl, and crr knockouts), GalP very effectively replaces the
transport functions of the [ICBS PTS protein (33). Similarly, the
periplasmic D-glucose/D-galactose binding receptor protein en-
coded by mglIB binds D-glucose (34, 35) and contributes signifi-
cantly to the growth and transport affinity for p-glucose at low
extracellular D-glucose concentrations (36). Additionally, E. coli
responds to knockouts in transport genes: the expression of the
galP, mgIB, and lamB permease genes increased as a result of a
ptsHI crr knockout (37). The mechanisms of D-glucose uptake
under D-glucose-limiting and -excess conditions have been re-
viewed (38), and the various proteins involved in D-glucose up-
take have recently been examined collectively in E. coli in the con-
text of overflow metabolism and vaccine production (39).
Interestingly, GluP has been implicated in D-glucose export in
Bacillus subtilis (40), but we found no similar E. coli protein. In our
current study, any of these or other proteins could also be involved
in D-glucose excretion.

A consistent result was that a greater yield of D-glucose was
attained from L-arabinose than from D-xylose, and this difference
must result from differences in the metabolism of these two pen-
toses by E. coli. Interestingly, D-xylose and L-arabinose are trans-
ported and enter the PP pathway through different routes in E.
coli. p-Xylose is transported by several routes: a D-xylose/proton
symporter (41), an ATP-binding-dependent system (42), and
promiscuous transporter activity (43). The ATP-dependent sys-
tem appears to predominate under normal growth conditions
(44), indicating that D-xylose uptake generally demands energy
directly in the form of ATP. Cellular options for the transport of
L-arabinose similarly include a high-affinity ATP-dependent sys-
tem and a low-affinity proton symport (45), as well as promiscu-
ous transport (46). For this pentose, the low-affinity, ATP-inde-
pendent system appears to predominate when both systems are
present and the L-arabinose concentration is relatively high (45),
although this process presumably affects availability of ATP also.
After cellular uptake, both of these pentoses are ultimately con-
verted to the common intermediate D-xylulose-5P (Fig. 1),
through steps which require ATP for phosphorylation via b-xylu-
lokinase or L-ribulokinase, respectively, for p-xylose or L-arabi-
nose. Since the metabolism of these two pentoses would appear
identical after D-xylulose-5P, one might speculate that the differ-
ence in D-glucose yield between the two pentoses might be due to
the difference in sugar transport mechanisms. Additional studies
will have to clarify this difference.

If 2 mol of D-fructose-6P generated from 3 mol of D-xylose or
L-arabinose (equation 1) is available for b-glucose formation (cor-
responding to 0.67 mol/mol), the theoretical D-glucose mass yield
from either pentose is 0.80 g/g. This calculation considers the
D-glyceraldehyde-3P generated from the flux-balanced PP path-
way to be unavailable for D-glucose formation because additional
D-glyceraldehyde-3P cannot reenter the PP pathway without con-
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suming D-fructose-6P. On the other hand, inclusion of the hypo-
thetical conversion of D-glyceraldehyde-3P through the reverse
Embden-Meyerhof-Parnas pathway to D-fructose-6P would re-
sult in a theoretical maximum vyield 1.0 g/g. The greatest yield
observed in the current study was 0.3 g/g, a result probably due to
the assimilation of some of the intermediate monosaccharides by
other enzymes present in E. coli and not deleted in this study, and
by the reversible enzymes in the PP pathway (transaldolase and
transketolase), which would limit D-fructose-6P formation if
these reactions approached equilibrium. Although not likely to
serve as a process for generating the specific hexose b-glucose, this
work demonstrates an approach to convert 5-carbon saccharides
into 6-carbon saccharides, which could thereby both build carbon
length and generate hexoses derived from D-fructose-6P not pos-
sible under typical conditions during growth on D-glucose.

Our results highlight two other aspects of metabolism in
strains that have deletions in D-glucose uptake and other genes
in upper metabolism. First, we detected no b-fructose as a product
in any of the experiments, and our shake flask study with MEC143
growing on D-fructose yielded only a low concentration of D-glu-
cose. The absence of D-fructose in the (extracellular) medium is
likely because E. coli uses a D-fructose-specific phosphotransferase
system (fruA and fruB genes) and D-fructose-1P kinase (fruK) to
metabolize D-fructose to D-fructose-1,6P,, bypassing D-fructose-
6P. In other words, assimilation of D-fructose via this route by-
passes D-fructose-6P and would also prevent b-fructose accumu-
lation in the strains studied. In contrast, once D-glucose is
transported out of the cell, deletions of the ptsG and manZ genes
prevent its uptake. A second noteworthy result from the mutants
studied lies in the absence of D-glucose repression. For example,
previous research has demonstrated that xylose isomerase is re-
pressed in the presence of D-glucose (47). This effect appears to be
caused specifically by p-glucose catabolite repression (48), an oc-
currence requiring the active catabolism of D-glucose and which
therefore is avoided in a strain unable to metabolize D-glucose. In
our batch process accumulating nearly 5 g/liter b-glucose (Fig. 3),
we did not observe any deceleration of D-xylose utilization: the
cells acted as though D-glucose were not present. Thus, E. coli is
able to metabolize D-xylose in the presence of D-glucose when the
D-glucose is not being metabolized.

In conclusion, D-glucose formation from either L-arabinose or
D-xylose occurs as a result of the PP pathway leading to D-fructose-
6P, which, unable to proceed into the glycolytic pathway due to a
knockout in pfkA, equilibrates to D-glucose-6P. D-Glucose-6P
likely hydrolyzes by one of several possible enzymes to p-glucose,
which then accumulates when the cells are unable to metabolize it.
We envision that an analogous route could be used to generate
similar sugars or sugar-containing compounds.
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