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Metabolic Engineering of a Pen tose Metabolism 
Pathway in Ethanologenic Zymomonas mobilis 
Min Zhang, Christina Eddy," Kristine Deanda, Mark Finkelstein, 

Stephen Picataggiot 

The ethanol-producing bacterium Zymomonas mobilis was metabolically engineered to 
broaden its range of fermentable substrates to include the pentose sugar xylose. Two 
operons encoding xylose assimilation and pentose phosphate pathway enzymes were 
constructed and transformed into Z. mobilis in order to generate a strain that grew on 
xylose and efficiently fermented it to ethanol. Thus, anaerobic fermentation of a pentose 
sugar to ethanol was achieved through a combination of the pentose phosphate and 
Entner-Doudoroff pathways. Furthermore, this strain efficiently fermented both glucose 
and xylose, which is essential for economical conversion of lignocellulosic biomass to 
ethanol. 

T h e  rapid and efficient fermentation of the 
pentose sugars found in lignocellulosic feed- 
stocks is an absolute requirement for the 
economical conversion of biomass to etha- 
nol. Lignocellulosic feedstocks, such as agri- 
cultural and forestry residues, are composed 
principally of cellulose, hemicellulose, and 
lignin. While there are microorganisms that 
efficiently ferment the glucose derived from 
cellulose, the conversion of the pentose sug- 
ars prevalent in hemicellulose to ethanol has 
been difficult because a suitable biocatalyst 
has not been available (1 ). Consequently, 
the discovery and development of microor- 
ganisms capable of converting pentose sug- 
ars, particularly xylose, to ethanol has been 
the focus of much research during the past 

20 years. Recently, Escherichia coli and Kleb- 
siella oxytoca have been successfully engi- 
neered for this purpose by the addition of 
genes for ethanol production from Zymomo- 
m mobilis. In spite of the development of 
microorganisms with improved fermentation 
performance (2-6), high ethanol yields and 
concentrations from lignocellulosic feed- 
stocks and short fermentation times have yet 
to be achieved. 

Zymomonas mobilis is a bacterium that 
has been used as a natural fermentative 
agent in alcoholic beverage production. 
This organism demonstrates many of the 
traits sought in an ideal biocatalyst for fuel 
ethanol production, such as high ethanol 
yield and tolerance, high fermentation se- 
lectivity and specific productivity, the abil- 
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fermentation is generally recognized as safe 
(GRAS) for use as an  animal feed. Com- 
parative performance trials have suggested 
that Zymomonas may become an important 
fuel ethanol-producing microorganism be- 
cause it achieves 5 to 10% higher yield and 
up to fivefold higher volumetric productiv- 
ity when compared with traditional yeast 
fermentations (7). Despite these potential 
advantages, fermentation processes using 
Zymomonas are still considered an immature 
technology compared with the industrial 
practice of yeast fermentation and have yet 
to be commercialized for fuel ethanol Dro- 
duction from starch-based feedstocks. 

Zymomom mobilis has demonstrated eth- 
anol yields of up to 97% of theoretical yield 
and ethanol concentrations of up to 12% 
(w/v) in glucose fermentations (8). These 
notably high yields have been attributed to 
reduced biomass formation during fermenta- " 
tion: whereas yeast produces 2 mol of aden- 
osine triphosphate (ATP) per mole of glu- 
cose through the Embden-Meyerhoff-Pamas 
pathway, Zymomom ferments glucose 
through the Entner-Doudoroff pathway (Fig. 
1) and produces only 1 mol of ATP per mole 
of glucose (9, 10). Zymomom' facilitated 
diffusion sugar transport system (1 1 ) coupled 
with its highly expressed pyruvate decarbox- 
ylase and alcohol dehydrogenase genes (12) 
enable ranid and efficient conversion of ~ l u -  " 
case to ethanol. However, 2 ,  mobilis can 
onlv ferment glucose. sucrose. and fructose " 
and lacks the pentose metabolism pathways 
necessarv to ferment the xvlose commonlv 
found in' hemicellulose. consequently, met: 
abolic engineering of xylose fermentation in 
2. mobilis is an essential step toward its de- 
velopment as a biocatalyst for fuel ethanol 
production from lignocellulosic feedstocks. 
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Previous attemuts to introduce a xvlose 
catabolic pathway into Zymomonas have' met 
with limited success (1 3,  14). Although the 
xylose isomerase (xylA) and xylulokinase 
(xylB) genes from either Xanthomonas 
campestris or Klebsiella pneumonia were func- 
tionally expressed in 2, mobilis, the strains 
were incapable of growth on xylose as the 

Pentose metabolism pathway 

Xylose 
A 

t(ylose isomerasel 
t 

Xylulose 

/Xylulokinasel 
k ATP 

ADP 

sole carbon source. The presence of low 6- 
phosphogluconate dehydrogenase and trans- 
ketolase activities in 2, mobilis has been 
shown, but transaldolase activity was unde- 
tected (14), which indicates that 2, mobilis 
lacks a complete pentose phosphate path- 
way. Consequently, the introduction and ex- 
pression of the genes encoding xylose 

Entner-Doudoroff pathway 

Glucose 

Fc 

Fig. 1 .'Proposed pentose metabol~sm and Entner-Dou- + 
Ethanol 

doroff pathways in engineered Z. mobilis. 

Fig. 2. Construct~on of the P,,-xylNxylB, P,,-tal/tktA operons and plasmid 
pZB5. The 7-kb Hpa.1-Eco RI restr~ction fragment containing the E, colixylA and 
xylB genes was obtained from plasmid pLC1-3 (24) and was subcloned into a 
pBlueScript plasmid (Strategene). The 308 base pairs (bp) of 5'-flanking DNA 
comprising the GAP promoter and the first 893 bp of xylA were separately syn- 
thesized with a common linking oligonucleotide primer. The individual DNA frag- 
ments were combined in a second PCR in which the complementary ends at the 
3' end of the GAP promoter and the 5' end of the xylA gene were annealed. The 
addition of the 5'-GAP and 3'-xylA primers allowed the synthesis of a 1213-bp 
DNA fragment comprising a precise fusion of the GAP promoter to the xylA gene. 
This DNA fragment was used to replace a 2.5-kb Xho I-Sal I restriction fragment 
containing the nativexylA promoter and 5' end of thexylA gene. ThexylA and xylB 
genes cloned under the control of the GAP promoter were contained on a 4.1 -kb 
Not I fragment. The 11 74-bp DNA fragment comprising the transaldolase gene 
homolog (tal) ( 1  7) was synthesized from E. coligenomic DNA and cloned under the 
control of the E N 0  promoter. The 2073-bp transketolase gene (tMA) was subse- 
quently subcloned downstream of the transaldolase gene. A shuttle vector was 
constructed by ligation of pACYCl84 (New England BioLabs, Beverly, Massachu- 
setts) to the 2.7-kb plasmid from Z. mobilis ATCC 10988 and designated pZBl86. 
This vector was modified to generate pZB188 by addition of a Net I linker to the 
filled-in Eco RI site. The -3-kb Bgl I I  restriction fragment containing the Pen,-tal/ 
tMA genes was ligated to pZB188 and designated as pZBET. The 4.1-kb Not I 
fragment containing P,,,-xylNxy1B was ligated to Not I-linearized pZBET. The 
plasmid containing the xylose assimilation operon in clockwise orientation and the 
pentose phosphate pathway operon in counterclockwise orientation was desig- 
nated pZB5. 

isomerase, xylulokinase, transaldolase, and 
transketolase were necessary for the com- 
pletion of a functional metabolic pathway 
that would convert xylose to central inter- 
mediates of the Entner-Doudoroff path- 
way and enable Zymomonas to ferment 
xylose to ethanol. 

For construction of a xylose-fermenting 
strain, the E. coli xylA and xylB genes were 
cloned precisely under the control of a 
strong, constitutive Z. mobilis glyceralde- 
hyde-3-phosphate deh~drogenase (GAP) 
promotor (1 5) by polymerase chain reaction 
(PCR)-mediated overlap extension (16). 
The resulting xylose assimilation operon 
(Fig. 2)  was transformed into Z. mobilis CP4. 
Although both genes were functionally ex- 
pressed, the transformants were unable to 
grow on  xylose as a sole carbon source be- 
cause transaldolase and sufficient transketo- 
lase activities were absent. Growth on  glu- 
cose was inhibited by the addition of xylose 
to the medium, which suggests an intracel- 
lular accumulation of nonmetabolizable in- 
termediates as had been observed previously 
with a similar strain (14). 

The  next step was to complete a pentose 
~ h o s ~ h a t e  ~ a t h w a y  that would allow conver- 
sion of xylulose-5-phosphate to the fructose- 
6-phosphate and glyceraldehyde-3-phos- 
phate intermediates of the central Entner- 
Doudoroff pathway and subsequently to eth- 
anol. Because no functional bacterial 
transaldolase genes are known, an open read- 
ing frame postulated to encode a transaldo- 

)(vlose assimllation aenes Pentose metabolism a e n e ~  
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lase homolog at 0 to 2.4 min on the E. coli 
chromosome (17) was synthesized by PCR. 
This open reading frame was then subcloned 
under the control of the Z ,  mobilis enolase 
(ENO) promoter (18) by PCR-mediated 
overlap extension. The transketolase gene 
(tktA) (19), which includes its ribosome 
binding site and transcriptional terminator, 
was synthesized from E.  coli W3 110 genomic 
DNA, and its expression was confirmed by 
complementation of an E, coli BJ502 trans- 
ketolase-deficient mutant. This gene was 
then subcloned immediately downstream of 
the transaldolase homolog translation termi- 
nation codon to form an operon encoding 
the nonoxidative portion of the pentose 
phosphate pathway (Fig. 2). Both transaldo- 
lase and transketolase genes were highly ex- 
pressed in E. coli under control of both lac 
and eno promoters, thus confirming their 
accurate synthesis by PCR and that the 
transaldolase homolog encoded a functional 
transaldolase. 

The two operons comprising the four xy- 
lose assimilation and pentose phosphate 
pathway genes were simultaneously trans- 
ferred into Z .  mobilis CP4 on a chimeric 
shuttle vector constructed from a 2.7-kb Z .  
mobilis native plasmid and pACYC184 (Fig. 
2). Enzymatic analyses of Z .  mobilis CP4 

Fig. 3. Comparative fer- 
mentation performance of 
Z, mobilis CP4 (pZB186) 
and Z, mobilis CP4 (pZB5) 
in xylose, glucose, or 
mixed glucose-xylose me- 
dia. (A) CP4 (pZB186) (left) 
and CP4 (pZB5) (right) in 
xylose medium (25 glliter). 
(B) CP4 (pZB186) (left) and 
CP4 (pZB5) (right) in glu- 
cose medium (25 glliter). 
(C) CP4 (pZB186) (left) and 
CP4 (pZB5) (right) in glu- 
cose (25 glliter) and xylose 
(25 glliter) medium. Cell 
growth was monitored by 
absorbance at 600 nm 
(A,,,) (0) with a Spectronic 
601 (Milton Roy) spectro- 
photometer. Glucose (0), 
xylose (O), and ethanol (M) 
were analyzed with a 
Hewlett-Packard 1090L 
HPLC equipped with an 
HP 1047A refractive index 
detector and a Bio-Rad 
HPX-87H organic acid 
analysis column operating 
at 65°C with a 0.01 N sul- 

(pZB5) grown in a glucose-based medium 
demonstrated the presence of xylose isomer- 
ase (0.1 1 U/mg), xylulokinase (1.5 U/mg), 
transaldolase (0.88 U/mg), and transketolase 
(0.16 U/mg) activities (14, 20). These enzy- 
matic activities were largely undetectable in 
the control strain that contained the shuttle 
vector alone and, except for the higher 
transaldolase activitv, were similar to the , , 
enzyme activities previously reported for Z .  
mobilis transformed with the Klebsiella xylAB 
and E, coli tkt genes (14). 

The recombinant 2. mobilis CP4 (uZB5) 
was capable of growth on xylose as the sole 
carbon source and efficient ethanol produc- 
tion (Fig. 3A). Cell growth on xylose oc- 
curred at a rate of 0.057 per hour with eth- 
anol as the principal fermentation product. 
Ethanol was produced at a yield of 0.44 g per 
gram (1.43 mol per mole) of xylose con- 
sumed, corresponding to 86% of theoretical 
vield. In contrast, the control strain that 
kontained the shuttle vector alone did not 
grow on xylose or produce ethanol from 
xylose. The recombinant and control strains 
achieved 94% and 97% of theoretical etha- 
nol ~ i e l d  from glucose within 16 hours, re- 
spectively (Fig. 3B). The control strain grew 
to a higher cell density and slightly faster 
(0.19 per hour) than the recombinant strain 
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furic acid mobile phase flow rate of 0.6 mllmin. The fermentation medium contained yeast extract (10 
g/liter) (Difco), KH,PO, (2 glliter), and the appropriate carbohydrates. CP4 (pZB5) was grown anaerobically 
at 30°C until late log-phase in fermentation medium containing either glucose (25 glliter) or xylose (25 
glliter) and tetracycline (10 ~glml) and then inoculated to an initial A,,, of 0.1 into 100 ml of the same 
fermentation medium (except media containing both sugars, which was inoculated with xylose-grown 
cells). CP4 (pZB186) inocula were prepared in fermentation medium containing glucose. The cultures were 
grown at 30°C without agitation. Ethanol yield (Y,,,) is based on consumed sugar. Theoretical yield is 0.51 
g of ethanol per gram of glucose or xylose. 

(0.15 per hour) on glucose. This result prob- 
ably reflects the metabolic burden imposed 
on Z ,  mobilis by the high-level expression of 
the four additional genes. Furthermore, in 
the Dresence of a mixture of elucose and 

u 

xylose, the recombinant strain fermented 
both sugars to ethanol at 95% of theoretical 
yield within 30 hours (Fig. 3C), thus provid- 
ing a foundation for advanced process de- 
signs that require cofermentation of mixed- 
sugar feedstocks. Although no diauxic effect 
was apparent, glucose was preferentially uti- 
lized at a faster rate than xylose. Xylose 
transport is apparently mediated by the in- 
digenous glucose-facilitated transport system 
and is likelv to be inhibited com~etitivelv at 
high glucose concentrations (1 1 ). 

Efficient fermentation of a Dentose suear - 
to ethanol was thus obtained through 
a combination of the pentose phosphate and 
the Entner-Doudoroff pathways. Zymomonas 
mobilis is the only organism known to use the 
Entner-Doudoroff pathway anaerobically (9, 
10). With the introduction of the xylose 
assimilation pathway and the nonoxidative 
portion of the pentose phosphate pathway 
into this organism, xylose is presumably con- 
verted to xylulose-;-phosphate (Fig. 1) and 
then further metabolized to elvceraldehvde- - ,  
3-phosphate and fructo~e-6-~hos~l;ate, 
which effectively couples pentose metabo- 
lism to the glycolytic Entner-Doudoroff 
pathway. In the overall fermentation reac- 
tion, 3 mol of xylose are converted to 5 mol 
of ethanol. Neglecting the NAD(P)H bal- 
ance, the stoichiometry can be shown by the 
equation 

The theoretical ethanol vield based on this 
stoichiometry is 0.51 g of ethanol per gram 
of xylose or 1.67 mol of ethanol per mole of 
xylose. In this new pathway, the net ATP 
yield from 3 mol of xylose is 2 mol less than 
that postulated for conventional xylose fer- 
mentation through a combination of pen- 
tose phosphate and Embden-Meyerhoff- 
Parnas pathways. Because less substrate is 
used for biomass formation, ethanol ~roduc- 
tion via xylose fermentation in the engi- 
neered Z .  mobilis is more efficient than in 
any other known microorganism. 

Metabolic engineering has been defined 
as the purposeful modification of intermedi- 
ary metabolism through the use of recombi- 
nant DNA techniques (21). One practical 
application of this approach is to broaden 
the substrate range of the host organism so 
that more economical raw materials can be 
used in industrial processes. Whereas many 
studies have shown the feasibility of meta- 
bolic engineering, few have achieved the 
yields, productivity, or final product concen- 
trations required for practical processes (22). 
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This limitation has been attributed to a 
control architecture thought to prevent the 
radical alterations of metabolic flux distribu- 
tions that are required for overproduction of 
certain metabolites at maximum yields (23). 
Here, metabolic engineering of primary gly- 
colytic metabolism in 2. mobilis was 
achieved by the expansion of its fermentable 
substrate range to include the pentose sugar, 
xylose. This xylose-fermenting 2, mobilis is 
capable of achieving high ethanol yield, pro- 
ductivity, and concentration. Efforts are 
now underway to optimize strain perfor- 
mance in commercial feedstocks. 

Ethanol is an important industrial chem- 
ical, and a national effort directed toward 
its development as an alternative transpor- 
tation fuel will be successful if it can be 
produced from renewable feedstocks at eco- 
nomical cost. T o  this end, E. coli has been 
metabolically engineered to increase the 
ethanol yields from hexose and pentose sug- 
ars by introduction of the pyruvate decar- 
boxylase and alcohol dehydrogenase genes 
from 2, mobilis (2). The  results presented 
here demonstrate the feasibility of the com- 
plementary approach of introducing the xy- 
lose assimilation and pentose phosphate 
pathway genes from E. coli into 2. mobilis. 
This industrial microorganism is already 
recognized for its ability to produce ethanol 
at high yield and productivity from glucose- 
based feedstocks and is naturally tolerant of 
the high ethanol concentrations that would 
be encountered in a commercial biomass to 
ethanol process. 
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A Phagosome-to-Cytosol Pathway for 
Exogenous An tigens Presented on 

MHC Class I Molecules 
M. Kovacsovics-Bankowski and K. L. Rock* 

Peptides from endogenous proteins are presented by major histocompatibility complex 
class I molecules, but antigens (Ags) in the extracellular fluids are generally not. However, 
pathogens or particulate Ags that are internalized into phagosomes of macrophages 
(Mas) stimulate CD8 T cells. The presentation of these Ags is resistant to chloroquine but 
is blocked by inhibitors of the proteasome, a mutation in the TAPl -TAP2 transporter, and 
brefeldin A. Moreover, phagocytosis of a ribosomal-inactivating protein inhibited MM 
protein synthesis. These results demonstrate that M a s  transfer Ags from phagosomes 
into the cytosol and that endogenous and exogenous Ags use a final common pathway 
for class I presentation. 

A key event in the generation of an im- 
mune response is the display of antigenic 
fragments by major histocompatibility com- 
plex (MHC)  molecules at the cell surface. 
In this process, peptides from proteins syn- 
thesized in the cell are generated in the 
cytosol and are transported through the 
TAP1-TAP2 peptide transporter into the 
endoplasmic reticulum (ER), where they 
bind to newly synthesized M H C  class I 
molecules (1 ,  2). Mutant cells that lack a 
functional  TAP^ gene are therefore unable 
to present most ~ e ~ t i d e s  from endogenously 
synthesized Ags to CD8 T cells (2 ,  3). 

In most cells, exogenous Ags are not 
presented with M H C  class I molecules; how- 
ever, sometimes exogenous Ags can prime a 
cytotoxic T lymphocyte (CTL) response 
(4-7) and pathogens in phagosomes can 
generate a CD8+ immune response (8). T o  
determine whether the route taken by pep- 
tides from proteins in the phagosome over- 
laps with that used by peptides from endog- 
enously synthesized proteins, we used anti- 
gen-presenting cells (APCs) from T A P l  
mutant mice (9). These M a s ,  which lack 
the T A P l  gene, did not present the partic- 
ulate exogenous ovalbumin (OVA) with 
M H C  class I molecules (Fig. 1A). Similarly, 
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these cells did not present soluble O V A  
loaded into the cytosol by electroporation 
(9, 10). In contrast, M 0 s  from wild-type 
mice presented the exogenous OVA parti- 
cles with M H C  class I molecules (Fig. 1A). 

It has been suggested that MMs present 
exogenous Ag by regurgitating peptides 
from the phagosome into the extracellular 
fluids, where the peptides bind surface 
M H C  class I molecules (1 1).  However, 
M 0 s  from T A P l  mutant and wild-type 
mice presented the O V A  peptide SIIN- 
FKEL added to the culture medium equally 
well (Fig. 1B). Under these conditions the 
exogenous peptide binds directly to surface 
class I heterodimers. Thus, peptides released 
into the medium should have been present- 
ed equivalently by mutant and wild-type 
cells. Therefore, the requirement for the 
TAP1-TAP2 transporter indicates that 
peptides from exogenous Ag must be trans- 
ported from the cytosol into the central 
vacuolar compartment. 

In the ER, peptides from endogenous Ag 
bind to newly synthesized M H C  class I 
molecules, and these complexes are trans- 
ported to the cell surface. Brefeldin A 
(BFA) inhibits exocytosis of proteins from 
the ER and Golgi complex and thus pre- 
vents newly assembled peptide-MHC class 
I complexes from reaching the cell surface 
(12). T o  determine whether peptides from 
exogenous Ag travel similarly, we investi- 
gated whether BFA affected the presenta- 
tion of phagocytozed Ag with M H C  class I 
molecules. 
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