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SUMMARY 

The Escherichia coli xylose isomerase (EC 5.3.1.5) has been expressed under the control of a thermal 
inverting promoter system (att-nutL-p-att-N block) and its performance in a hollow fiber bioreactor mea- 
sured. The conversion of xylose to xylulose was inversely proportional to the flow rate and the system 
operated up to 60~ The maximum conversion efficiency observed was 19.05% at 55~ 

INTRODUCTION 

Xylose isomerase catalyzes the isomerization of 
xylose to xylulose as well as glucose to fructose. The 
latter reaction is important for the production of 
high-fructose corn syrup, making 'glucose isomer- 
ase' one of the most widely used industrial enzymes 
[7]. The conversion of xylose, a pentose sugar abun- 
dant in hemicellulosic biomass, is also important 
since most yeast (e.g. Saccharomyces cerevisiae) 
used for the production of ethanol cannot ferment 
xylose. S. cerevisiae cannot utilize xylose due to its 
inability to recycle NADH +, accumulating from 
xylitol oxidation [2,6]. It has been demonstrated 
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that xylose isomerized to xylulose can then be read- 
ily fermented by S. cerevisiae to ethanol [8,9,12,15]. 
Numerous attempts to express an active xylose 
isomerase in S. cerevisiae have not been successful 
(Picataggio, Batt and Sinskey, unpublished results). 
As an alternative to the direct fermentation of xy- 
lose by S. cerevisiae, a two-stage system has been 
developed consisting of an Escherichia eoli strain 
which overproduces xylose isomerase to produce a 
xylose-xylulose isomerate [4] and feeding the isom- 
erate to S. cerevisiae (Yee et al., manuscript in prep- 
aration). Other laboratories have developed similar 
strategies to overexpress xylose isomerase in E. coli 
[13,19,20]. This report details the construction of a 
thermal inducible system for the production of xy- 
lose isomerase and its performance in a hollow fiber 
bioreactor. The thermal inducible system consists 
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of a /ac promoter carried on an att-nutL-p-att-N 
gene block which inverts upon heat pulse at 42~ 
[16]. The lac promoter is initially oriented away 
from the targeted gene. Upon heat induction, the 
att-nutL-p-att-N block inverts, orienting the pro- 
moter toward the targeted gene, resulting in its ex- 
pression. 

A variety of strategies have been developed for 
the immobilization of whole cells or purified en- 
zymes which carry out xylose or glucose isomer- 
izations [1,7,10]. These include, for purified enzyme, 
adsorption onto DEAE-cellulose, entrapment in 
polyacrylamide and porous glass particles. For 
whole cells, flocculation with magnesium chloride 
or diatomaceous earth, and glutaraldehyde cross- 
linking, among other methods, have been reported 
[7]. We chose to use a hollow fiber bioreactor for 
carrying out the isomerization, since it provides a 
simple method for entrapping whole cells. A major 
advantage of hollow fiber bioreactors is that the 
cells are not exposed to any harsh chemical treat- 
ment and/or shear during immobilization. Recent- 
ly, Chung et al. [10] have reported the use of a dual 
hollow fiber reactor for immobilization of Strepto~ 
myces griseus for glucose isomerization. 

MATERIAL AND METHODS 

Bacterial strains and plasmids 
E. coli JM105 carrying pKKX.7 has been de- 

scribed previously [4]. It carries the xylA gene under 
the expression of the tac promoter. E. coli D1210 
(2xis-, ci85 7) carrying pNH7a was kindly provided 
by W. Szybalski (University of Wisconsin, Madi- 
son, WI) and has been described previously [16]. 

DNA manipulations 
All restriction enzymes and other DNA-modify- 

ing enzymes were used according to the directions 
supplied by the manufacturers. E. coli D1210 was 
transformed as described by Maniatis et al. [14] ex- 
cept that the transformants were plated out and 
grown at 30~ Plasmid DNA was isolated by the 
alkaline lysis method described by Silhavy et al. 
[181. 

Hollow fiber reactor 
A MINIKROS KF-200-010-2 hollow fiber reac- 

tor was graciously provided by Microgon Inc. (La- 
guna Hills, CA). Its fibers have a pore size of 0.2 #, 
with a shell volume of 27 ml and a total volume of 
47 ml. 

Enzyme and metabolite assays 
Xylose isomerase was assayed using toluenized 

cells as described previously [4]. Xylose and xylu- 
lose concentrations were determined by HPLC us- 
ing a Bio-Rad HP87C column with water as the 
mobile phase and the sugars were detected using a 
refractive index detector. 

RESULTS AND DISCUSSION 

Construction of the thermal inducible xylose isom- 
erase gene 

The plasmid pKKX.7 is a pBR322 derivative 
which carries the xylA gene under the control of the 
tac promoter [4]. It produces up to 28% of the cell 
protein as xylose isomerase. It does, however, re- 
quire the addition of isopropyl-fi-D-galactopyrano- 
side (IPTG) for induction. (Note: The lac promoter 
from pNH7a has a functional lacO which can be 
used to regulate the Iac promoter. In lacI-strains, 
the lac promoter is constitutive and therefore the 
expression of the target gene can be regulated by the 
inversion.) To obviate the need for this inducer a 
promoter system consisting of the att-nutL-p-att-N 
gene block was removed on a 1.5 kb EcoRI frag- 
ment (a partial digest was performed on pNH7a 
and a fragment whose internal EcoRI site was not 
cut was extracted from an agarose gel). This 1.5 kb 
EcoRI fragment was inserted into the unique EcoRI 
site in the polylinker between the xylA gene and the 
tae promoter of pKKX.7. The resulting construct 
(pKKXNH.6a) thus contained two promoters, the 
lac promoter from the att-nutL-p-att-N gene block 
(selected in the opposite orientation) and the tac 
promoter in the correct orientation with respect to 
the xylA gene. Unfortunately, this construct dis- 
played a high level of xylose isomerase activity be- 
fore induction, presumably due to readthrough 



from the tae promoter (data not shown). Restric- 
tion analysis of the plasmid DNA after heat shock 
revealed that only 20% of the plasmid population 
had the att-nutL-p-att-N gene block inverted in the 
correct orientation with respect to the xyIA gene. 
Extending the length of heat shock from 15 rain to 
30 rain did not result in an increased inversion fre- 
quency. Podhajska et al. [16] reported greater than 
80% inversion of the att-nutL-p-att-N gene block 
in pNH7a. The lower inversion frequency observed 
for our construct may be due to the high level of 
transcription from the tac promoter which inter- 
feres directly with the expression of one or more 
genes on the att-nutL-p-att-N block required for 
inversion. 

The upstream tac promoter was removed by par- 
tial SalI digestion and religation. The resulting con- 
struct containing only the att-nutL-p-att-N,gene 
block and the xylA gene is designated pKKXNH7.a 
(Fig. 1). Deletion of the upstream tac promoter in- 
creased the inversion frequency upon heat induc- 
tion from approximately 20% to 70%. The xylose 
isomerase activity detected in uninduced E. coli 
D1210 [pKKXNH7.a] was 1066 units and probably 
results from a small fraction of the plasmid DNA 
which has inverted at the lower temperature. After 
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Fig. 1. Diagram ofpKKXNH.7 .  The att-nutL-p-att-N biock was 
removed as a 1.5 kb EcoRI fragment and inserted into the unique 
EcoRI site upstream of  the xylA gene in pKKX.7 [4]. The tac 

promoter upstream was removed on a 1 kb SalI fragment result- 
ing in the final construct shown. 

heat shock at 42~ the xylose isomerase activity 
was 2000 units. The 70% inversion frequency ob- 
served for pKKXNH7.a compares favorably with 
the results reported for pNH7a [16]. 

Performance of  E. coli D1210 carrying pKKXNH7.a  
in a hollow fiber reactor unit 

A 3 liter culture of E. coli D1210 [pKKXNH7.a] 
was grown at 30~ to a n  OD600 o f  0 .35 ,  heat- 
shocked at 42~ for 15 rain and grown for an addi- 
tional 2 h at 30~ The cells were harvested by cen- 
trifugation, resuspended in LB and packed into a 
MINIKROS hollow fiber reactor. The isomeriza- 
tion mixture consisting of 2% (w/v) xylose, 50 mM 
TRIS (pH 7.5) and 20 mM MnC12 was pumped 
through the hollow fiber reactor at a flow rate of 0.3 
ml/min and the system was tested at various oper- 
ating temperatures. Samples of the effluent were 
analyzed for xylose and xylulose concentrations by 
HPLC. The effect of temperature on the isomer- 
ization efficiency is presented in Table 1. Previously, 
we obtained a maximum conversion efficiency at 
37~ of 4% with an initial starting concentration of 
10% xylose using alginate encapsulated cells [4]. In 
this previous study, the E. coli strain carrying the 
xylA gene expressed by the tac promoter was used. 

The highest level of isomerization (19%) was ob- 
tained at 55~ and the activity decreased dramat- 
ically as the temperature was increased above 60~ 
These results agree with our previous determination 

Table 1 

Effect of temperature on the efficiency ofxylose isomerization at 
a flow rate of  0.3 mi/min 

Temperature Isomerization a,b 

35 6.39 
40 9.94 
45 14.41 
50 18.69 
55 19.05 
60 18.40 
70 6.53 

" Xylulose formed as a percentage from xylose (initially 2%). 
b xylulose 

x 100 
xylulose + xylose 



of the temperature optimum for the E. coli xylose 
isomerase in permeabilized whole cells [4]. The level 
of conversion is probably limited by the equilibrium 
between xylose and xylulose which favors the xylose 
[9,12]. The effect of flow rate on the efficiency of 
isomerization was also measured for the hollow fi- 
ber reactor unit containing E. coli D1210 
[pKKXNH7.a] (Table 2). As expected, the efficien- 
cy of isomerization decreased as the flow rate was 
increased. In the configuration used, the substrate is 
fed through the fibers. The substrate must therefore 
diffuse into the shell side to be isomerized by the 
entrapped cells and then the product diffuses back 
into the fibers to exit the reactor. As the flow rate is 
increased, the residence time for diffusion in and 
out of the shell side is reduced, therefore limiting 
the conversion rate. 

The hollow fiber reactor unit containing E. coli 
D1210[pKKXNH7.a] efficiently isomerizes xylose 
to xylulose. We have used a similar system employ- 
ing E. coli JM105[pKKX.7] (the tac-xylA initially 
constructed) and have demonstrated that the isom- 
crate can be fed directly in a continuous culture of 
S. eerevisiae (Yee and Batt, unpublished data). It 
would appear that this two-stage system is useful 
for the conversion ofxylose into yeast biomass and/ 
or ethanol. 

The thermal inducible system described here has 
certain advantages over the 2 PL promotor [13]. 
Most notable is that the att-nutL-p-att-N gene 
block only requires a brief heat shock for inversion. 
This could be accomplished by passage through a 
heat exchanger followed by a return to 30~ for 
enzyme production. 

Table 2 

Effect of flow rate through the hollow fiber reactor on the iso- 
merization of xylose to xylulose at 35~ 

Flow rate (ml/min) Xylulose formed (%)" 

0.2 8.0 
0.3 6.4 
0.5 5.0 

a xylulose x 100 
xylose + xylulose 
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