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Abstract

A central problem in aerobic growth of any culture is the maintenance of
dissolved oxygen concentration (DOC) above growth-limiting levels espe-
cially in high-cell density fermentations that are usually of the fed-batch
type. Fermentor studies have been conducted to determine the influence of
DOC on the production of heterologous proteins in Escherichia coli. The results
demonstrated that there is a significant degree of product-to-product varia-
tionin the response of heterologous protein accumulation to DOC. For trans-
lational fusions of the human immunodeficiency virus-1 (HIV-1) proteins
p24Gag and Env41, the imposition of a dissolved oxygen (DO) limitation
resulted in 100 and 15% increases in the respective product yields. On the
other hand, the imposition of a DO limitation had no effect on the production
of a similar translational fusion of the HIV-1 protein p55Gag, and a large
negative effect on the production of an influenza protein (C13). The stimu-
latory effects of DOC on p24Gag production were investigated further. The
results of my studies suggested that the stimulatory effect observed at
reduced agitation rates on p24Gag accumulation was owing to an oxygen
effect and not a shear effect. Furthermore, the results of my investigations
indicated that the effecta DOC had on the production of p24Gag was strongly
influenced by the cell density at which the culture was induced.

Index Entries: Dissolved oxygen; HIV-1 proteins; recombinant proteins;
Escherichia coli; heterologous gene expression.

Introduction

Recombinant DNA technology has enabled us to produce various
proteins of therapeutic importance with microorganisms. A variety of
host/vector systems has been developed for use in the production of
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heterologous proteins and peptides. Without a doubt, one of the most
popular hosts and widely utilized prokaryotic expression systems for the
synthesis of heterologous proteins is Escherichia coli (1). Numerous vec-
tors have been constructed for use with E. coli. Of particular use are
plasmids that employ tightly regulated promoters for the control of heter-
ologous gene expression (1,2). Once an optimal expression system has been
selected, protein production can be enhanced by increasing the production
of protein per cell per time (specific productivity), or by increasing the cell
concentration per unit time (cell productivity) (3). Yields of E. coli dry cell
mass in shaker flask culture range from 1 to 2 g /L, whereas in fermentors up
to 100 g/L can be achieved (4). Fermentations utilizing a tightly regulated
expression system are conducted in two phases: a growth phase and a pro-
duction phase. During the growth phase, the environmental conditions are
controlled to allow for rapid growth without heterologous gene expression
and minimal plasmid loss. Once a suitable cell density has been achieved, the
production phase of the fermentation is initiated by giving the appropriate
signal. During the production phase, the environmental conditions are con-
trolled to achieve both maximal gene expression and cell mass (5).

Regardless of the phase, nutrient limitations are typically detrimental
tothe fermentation. Asaresult, considerable attentionis given to the design
of the fermentation medium. Sufficient major and minor nutrients are
added to the medium to ensure that the desired levels of growth and prod-
uct accumulation are achieved (6). The optimal rate of nutrient addition
and, consequently, productivity are ultimately limited by the rate at which
cells can aerobically catabolize the carbon source without generating
growth-inhibitory metabolites such as acetate and lactate. The volumetric
yield of recombinant products can be improved by controlling the specific
growth rate and the substrate concentration (7). In fermentations in which
very high cell densities are desired, nutrient feeding regimes must be used
to avoid problems associated with substrate inhibition or inhibitory
by-product formation (3,7). A major nutrient that can have a marked effect
on both rate of cell growth and cell yield is oxygen (8). During the growth
phase of the fermentation, an oxygen limitation will result in major
decreases in both growth rate and cell yield. All approaches thus far have
focused on improving the O, mass transfer rates by manipulating various
environmental parameters; therefore, the dissolved oxygen concentration
(DOC) in fermentorsis typically controlled at or above 20% of air saturation
via control strategies in which the dissolved oxygen (DO) level is main-
tained at a set level by the agitation and/or aeration rate (5,8).

Although the impact of DOC on cell growth is well known, its impact
on the expression of heterologous proteins has been the topic of only a
limited number of studies (9,10). My investigation describes the initial
results of studies aimed at exploring the influences of DOC on the expres-
sion of heterologous proteins in E. coli. The recombinant proteins chosen
for this study are derived from HIV-1 (p24, p55, and env41) and influenza
virus C13 protein, which is a hybrid protein consisting of the first 81 amino
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acids of viral nonstructural protein (NS1) and the HA2 subunit of viral
hemagglutinin (11).

Materials and Methods

Cultures

The cultures used in these studies are all derivatives of E. coli K-12
strain N99, also known as ATCC 33956 (F-, galK2, lacZ, thr, bio, rpsL, 1).
All of these strains carry a cryptic lambda cI*’ lysogen (1,2). The plasmids
pGK41, pGK24, and pGK55 produce translational fusions of the human
immunodeficiency virus-1 (HIV-1) proteins Env41, p24Gag, and p55Gag,
respectively. These translational fusions were generated by fusing the first
56 codons of galactokinase (EC 2.7.1.6) in-frame to the N-terminus of
respective protein coding regions (12,13). The parent of these plasmids is
pSKF and is heat inducible (1). Similarly, the pGKc13 construct produces
the influenza protein C13 (11). Expression in all cases is under the control
of the lambda promoter p, (1,2). At 32°C the cI*’ repressor binds to the p,
promoter on the plasmid and blocks transcription of the expression cas-
sette. At 42°C the repressor is inactivated and the desired gene product is
expressed. The specific growth rates of the HIV recombinant proteins pro-
ducing a host/vector system and the host either with plasmid but no gene
insert or without the plasmid at 32°C were 0.71 £ 0.01 h™". Specific growth
rate prior to induction had no significant effect on product expression lev-
els (14) (data not shown).

Media

Complex media were used in the current study. Medium 1xSB con-
tained the following: 12 g /L tryptone; 24 g /L yeast extract; 13 g /L glycerol;
153 g/LKHPO,; 1.7 g/LKH,PO,; 0.05 g/L ampicillin. Medium 2xSB was
double the strength of 1xSB. The pH of all media was adjusted to 7.0 prior
to sterilization. In this medium, glycerol was used as a C-source because it
isnotafermentative substrate, so that the accumulation of potentially harm-
ful catabolites such as acetate or ethanol would not be a significant prob-
lem. In addition, the medium is very strongly buffered, containing a high
concentration of potassium phosphates. Fermentations were conducted in
2xSB medium. The purpose of the 2xSB formulation is severalfold:

1. The carbon source is not limiting during the course of growth/
induction (14).

2. Amino acid availability increases the pool size of charged tRNAs
and guanosine 5'-triphosphate, thereby reducing/eliminating amino
acid misincorporation, i.e., protein synthesis errors, during high-
level expression (15).

3. A complex medium composition is particularly desired considering
the effects of heat shock (induction temperature) on the production
of recombinant proteins (16-18).
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Seed Development

A 75-uL aliquot of thawed cells was added to a 2.8-L Fernbach flask
containing 1 L of 1xSB. This culture was thenincubated at 32°C and agitated
at200 rpm overnight. Cell growth was monitored by following the increase
in optical density (OD) at A, nm. Under these conditions the cells were in
late exponential/early stationary phase when used to inoculate the fer-

mentor, which allowed rapid adaptation and fast growth in the fermentor.

Production Fermentations

Fermentors containing 9.5 L of 2xSB were inoculated with an aliquot of
the overnight seed sufficient to bring the postinoculation absorbance to
0.5 OD. Growth from an inoculation density of A, 0.5 to OD,, 5.0 or 10
was achieved in about 3 to 4 h. The temperature, airflow rate, back pressure,
and initial agitation rate were setat 32°C, 5 standard liter per minute (SLPM),
0.5bar,and 300 rpm, respectively. The pH was not controlled in these studies.
During the course of the fermentations, the pH typically dropped 0.05-
0.10 units and acetic acid concentration was <0.2 g/L (16,18) (data not
shown). Prior to induction, the DO was maintained at or above 20% by cou-
pling the DOC output to the agitator control. The fermentors were operated
in this manner until a suitable induction point was achieved. Once the
induction OD was reached, the temperature set point was shifted to 42°C
(a 10°C change in temperature was typically achieved within 15 min), and
the agitator control was placed in local. The fermentors were then operated
atconstantagitation for the duration of the experiment. Generally, the induc-
tion phase was about 4 h. When the fermentation experiments were termi-
nated, the residual glycerol concentration was typically about 9 g/L.

Analysis

During the course of induction, samples were removed from the fer-
mentors and aliquots centrifuged at 15,000 for 2 min at room temperature.
The supernatants were discarded and the pellets frozen at —20°C. Samples
were then lysed by boiling in phosphate-buffered saline supplemented
with 0.5% sodium dodecyl sulfate (SDS). Duplicate aliquots of each
sample were then analyzed for total protein by the Lowry method. Sepa-
rate pellets were then lysed by boiling in Laemmli sample buffer supple-
mented with 0.5% SDS, and duplicate aliquots from each sample were
analyzed by polyacrylamide gel electrophoresis (19). Each lane on the gel
was loaded with the same amount of protein. The gels were stained with
Coomassie blue, and the amount of the protein of interest was quantified
by scanning laser densitometry. Calculated values for product concentra-
tion represented four data points obtained from three different fermenta-
tion runs and fell within an experimental error of £1.5%. Note that previous
protein studies as well as my experiments on the recombinant HIV GalK
fusion proteins showed that the expressed proteins are soluble, resistant to
proteolysis, and stable during analysis;i.e., insignificant productloss occurs
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Fig. 1. The influence of induction phase agitation rate on (A) DOC and (B) cell
growth. OD 10 induction in glycerol containing complex medium: 200 (@), 300 (H),
400 (A), and 500 rpm (®).

using the method described above (13,20). Additionally, based on amino
acid analysis of the recombinant proteins, there is no evidence for missense
errors,i.e., misincorporation of amino acids during high-level expression, data
not shown (15).

Results

Influence of Agitation Rate and Cell Density at Induction
on the Production of p24

As expected, decreasing agitation rates during the induction phase
resulted in both decreased DOC (Figs. 1A and 2A) and decreased growth
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Fig. 2. The influence of induction phase agitation rate on (A) DOC and (B) cell
growth. OD 5 induction in glycerol containing complex medium: 200 (@), 300 (H),
400 (A), and 500 rpm (#).

rates and cell yields (Figs. 1B and 2B) regardless of the OD at which induc-
tion occurred. On the other hand, the influence that agitation rate had on
p24 yield (yield is defined here as specific product concentration) and p24
volumetric productivity (volumetric productivity is defined here as product
concentration) were strongly influenced by other operational parameters.
At an OD induction of 10, decreasing induction phase agitation rates
resulted in both decreasing p24 yields (Fig. 3A) and decreasing p24 volu-
metric productivities (Fig. 3B). This direct relationship between agitation
rate and p24 yield and volumetric productivity was not observed in OD 5
inductions. At this OD, p24 yield increased as the agitation rate was
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Fig. 3. The influence of induction phase agitation rate on (A) p24 yield and
(B) volumetric productivity. OD 10 induction in glycerol containing complex medium:
200 (@), 300 (M), 400 (A), and 500 rpm (®).

decreased to 300 rpm (Fig. 4A). A further decrease in agitation rate resulted
in a lower specific rate of p24 production. However, the maximal yield
observed at 200 rpm was comparable to that observed at 300 rpm, and the
yield was still increasing when the experiment was terminated. In OD 5
inductions the influence of decreasing agitation rate on the p24 volumetric
productivity (Fig. 4B) was analogous to that observed on p24 yield (Fig. 3A).

Influence of DOC on Production of p24 in OD 5 Induction

The enhancement in the p24 yield observed in OD 5 inductions at
decreased induction agitation rates was quite surprising. To determine
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Fig. 4. The influence of induction phase agitation rate on (A) p24 yield and
(B) volumetric productivity. OD 5 induction in glycerol containing complex medium:
200 (@), 300 (M), 400 (A), and 500 rpm ().

whether the enhancement observed was owing to a DO or a shear effect,
studies were conducted in which the DOC was controlled on induction
by a combination of increased aeration rate and the use of enriched air
(40% oxygen). In these studies the induction phase agitation rate was main-
tained at 300 rpm. The cell growth and DOC levels observed when either
enriched air or air was used for sparging are given in Fig. 5A. It can be seen
that the use of enriched air resulted in no DO limitation and that the cell
growth observed with enriched air was essentially the same as that
observed with air and aninduction phase agitation rate of 500 rpm (Fig. 2B).
The DO profile and cell growth observed with house air (Fig. 5A) was
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Fig. 5. The influence of enriched air (40% oxygen) on (A) DOC and cell growth and
(B) p24 yield and p24 volumetric productivity. At OD 5 induction in glycerol contain-
ing complex medium, the agitation rate in both fermentors was lowered to 300 rpm:
(A) cell growth in OD 650 nm-enriched air (<), percentage of DOC-enriched air (4A),
percentage of cell growth in OD 650 nm house air (®), percentage of DOC in house air
(A); (B) yield-enriched air (A), yield air (A), volume productivity—enriched air (<),
volume productivity air (¢). Kp24 = GalKp24 fusion protein.

essentially the same as that observed initially (Fig. 2A and 2B, respectively).
The p24 yields and p24 volumetric productivities, i.e., specific product
concentration and product concentration, respectively, observed with or
without enriched air are given in Fig. 5B. In the presence of enriched air, the
p24 yield falls in between those observed when house air was used at
induction phase agitation rates of 400 and 500 rpm (Fig. 4A). The p24 volu-
metric productivity observed when enriched air was used (Fig. 5B) was
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Table 1
Influence of Agitation Rate on Production
of Heterologous Viral r-Proteins in E. coli

Percentage of expression
observed at 500 rpm
agitation rate’

Protein 300 rpm 500 rpm
HIV-1 p24 200 (0) 100 (>20)
HIV-1 p55 98 (0) 100 (>20)
HIV-1 p41 115 (0) 100 (>20)
C13 10 (0) 100 (>20)

“Agitation rate during induction phase in which OD
of induction = 5.

"Percentage of DO during induction phase is given
in parentheses.

approximately the same as that observed when house air was used at an
induction phase agitation rate of 400 rpm (Fig. 4B). The enhancement in
both yield and volumetric productivity under DO-limiting conditions was
again observed (Fig. 5B). The results clearly indicated that the enhance-
ment observed is related to oxygen concentration/availability and not to a
shear effect.

Influence of Induction Phase Agitation
on Production of p55, Env41, and C13

Table 1 presents the influence of induction phase agitation rate on the
yield of several heterologous proteins. It can be seen that the influence
agitation rate/DOC has is highly protein dependent. In the case of Env41,
an enhancement in product yield is again observed at low DOC, i.e., at
300 rpm, but the magnitude of enhancementis much less than that observed
for p24 (15 vs 100%). In the case of p55, product yield was not affected by
agitation rate/DOC. Finally, a marked decrease in product yield at low
agitation rate/DOC was observed for C13.

Discussion

Oxygen is essential for the aerobic growth of E. coli, yet it is the most
difficult to supply because of its low solubility. The concentration of DO is
usually determined by its transfer rate. The DO level can be maintained by
either anincrease in the rate of O, transfer or by areductionin the O, uptake
rate in the culture (21,22). The dependence of the growth rate on DOC
follows a Monod saturation dependence (23). The DO level may affect not
only the formation and maintenance of microbial biomass, but also the
replication of plasmids (24,25) and the expression of plasmid-born genes
(10,26). The effect of DO level on productivity of r-proteins is not well
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documented. Most studies have examined r-proteins from E. coli such as
B-lactamase, chloramphenicol acetyltransferase, or B-galactosidase (10),
or other bacterially derived r-proteins (27-29). Few reports mention the
requirement for O, enrichment during the fermentation process for pro-
duction of heterologous r-protein (30-33).

A reportby Arcuri etal. (9) found that the response to a DO limitation
among heterologous r-proteins was variable depending on the cell age and
concentration, the growth medium, and the degree of the DO limitation
imposed. Since the existentevidencein the literatureis somewhat fragmen-
tary and inconclusive with regard to this important parameter, I have
investigated the affects of DO limitation on the production of heterologous
r-proteins derived from HIV-1. These viral r-proteins were chosen for this
study because of their clinical importance.

Decreased agitation rates during the induction phase of the fermenta-
tionsresulted in decreased cell yields regardless of the cell density atinduc-
tion (Figs. 1B and 2B). The decreases observed in cell yields are a direct
result of the oxygen limitations imposed at the decreased agitation rates
(Figs. 1A and 2A). However, the influence that decreased agitation rates
had on the p24 yield (specific product concentration) at different induction
cell densities was not expected. In OD 10 inductions, a direct relationship
between product yield and agitation rate was observed (Fig. 3A), whereas
in OD 5 inductions an inverse relationship between product yield and
agitation rate was observed (Fig. 4A). The trends in product yield observed
in OD 5 and OD 10 inductions were roughly reflected in the respective p24
volumetric productivities, i.e., product concentrations (Fig. 4B and 3B,
respectively). However, the absolute volumetric productivities were quite
different. The maximum productivity observed in an OD 10 induction was
550 mg/L, and this productivity was obtained at an agitation rate of
500 rpm. In the OD 5 inductions the maximum productivity was 325 mg/L.
Productivities of this approximate magnitude were achieved in the 200,
300, and 400 rpm inductions. It appears that the maximum p24 volumetric
productivity was achieved under oxygen-sufficient conditions. However,
this productivity is achieved at the expense of product yield.

Although it was clear that agitation rate had a significant effect on
product yield, it was not clear whether the observed effect was an oxygen
concentration or a shear effect. Despite the fact that E. coli is not typically
thought of as a shear-sensitive organism, these cells do elongate and swell
noticeably on induction, and the sensitivity of the cells to shear does
increase. Therefore, the possibility of a shear effect existed and it was nec-
essary to delineate this phenomenon. Evidence is provided that the
enhancement in the p24 yield seen in OD 5 inductions was truly an oxy-
gen effectand not a shear effect and is demonstrated in the studies in which
DO was controlled via sparging instead of agitation (Fig. 5A,B).

In an attempt to understand the mechanism(s) underlying the
observed oxygen effect on the p24 production, the production of a variety
of heterologous proteins under DO-sufficient and DO-limiting conditions
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was investigated (Table 1). The results observed varied greatly. In certain
cases, DOC led to enhancement in product yield, i.e., p24 and Env4l,
whereas in certain cases of p55 and C13, DOC resulted in no effect and a
significant negative effect on product yields was found. In analyzing these
results, it is important to bear in mind that for all the proteins tested the
same host strain of E. coli was used. Thus, the difference observed cannot
be attributed to differences in response of the host strain to DO availability.

It is well documented that the levels of a number of proteins in E. coli
arestrongly affected by oxygen (34). However, the role of protein induction
and repression in the adaptation of E. coli to changes in the supply of O, and
other electron acceptors is only poorly understood (35). Cellular protein
components and levels change for more than 170 individual polypeptides
during aerobic and anaerobic growth. Several of these proteins belong to
the TCA cycle enzymes. These aerobiosis-induced proteins display several
different patterns of regulation in response to medium composition (34).
In some instances, it has been demonstrated that oxygen exerts its effect at
the level of promoter activity (36). The mechanism by which it exerts this
effect is subject to speculation. Possible mechanisms include both a direct
effect on the promoter itself or a transacting regulatory element (37,38) and
an indirect effect on the degree of DNA coiling (39—41). It seems likely that
the activity of p, promoter employed in my studies was affected either
directly or indirectly by oxygen availability. However, if oxygen was exert-
ing its effect at this level, a genetic response to oxygen level would be
expected. The product-to-product variability observed (Table 1) argues
against oxygen exerting its effect at the level of transcription. Likewise, the
variability observed argues against a generic effect on translation. At
present my efforts are focused on looking at the influence of oxygen level
on the stability of the heterologous proteins expressed in E. coli.

The difference in the effect of oxygen level on the accumulation of p24
observed in OD 5 and OD 10 inductions is quite dramatic and difficult to
explain. One plausible interpretation is variability in specific growth rates
of the two cultures. However, on further investigation, specific growth rate
prior to induction has been found not to affect product expression level to
any significant degree (14) (data not shown). The explanation perhaps
residesin the differences between the two cell populations (42,43). Since the
inocula for these experiments were prepared in identical manner and the
cells had been grown exponentially for a minimum of 3 h (for OD 5 induc-
tions), the differences observed should not be owing to an inoculum effect.
However, a seed effect has not been completely ruled out at this time. The
obvious differences between these two conditions are the cell density and
the time in fermentation. There is a twofold difference in cell density and
approximately a 45-min difference in time of fermentation, i.e., one dou-
bling time. Again, it is difficult to see how this relatively minor difference
in growth could account for such a dramatic difference in the effect of DOC
on p24 yield. This is especially true in light of the fact that the medium and
preinduction operational strategy used are capable of supporting exponen-
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tial growth of this strain up to an OD of 35. However, it must be remem-
bered that all of the studies performed were batch studies in which the
composition of the growth medium was constantly changing. As a result,
it is possible that the change in environmental conditions that occurs
between OD 5 and 10, although insufficient to affect growth rate, is suffi-
cient, in some manner, to alter the cells’ response to oxygen (34,35), or that
cell density affects the cellular content of the stringent response signal sub-
stance, ppGpp (44), thus affecting host cell physiology and in turn influenc-
ing product formation/stability. The unraveling of this mystery awaits
further investigation.

I have examined the effect of DOC on the accumulation of HIV-1
r-proteins in E. coli. The imposition of DO limitation could have stimulatory
effects on r-protein production. The production of r-protein in response to
DOC has proven to be product dependent. The variability observed to this
response was found to be contingent on cell type, age, and density; compo-
sition of growth medium; and the degree of DO limitation. It is hoped that
these results will help guide future optimization studies of therapeutic
r-protein fermentation processes for production purposes.

References

1. Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G., Smith, J. A.,
and Struhl, K. (1994), Current Protocols in Molecular Biology, vol. 2, Wiley, New York.
2. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989), Molecular Cloning: A Laboratory
Manual, 2nd ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

3. Lee, S. Y. (1996), Trends Biotechnol. 14, 98-105.

4. Knorre, W. A., Deckwer, W. D., Kroz, D., Pohl, H. D., Riesenberg, D., Ross, A., Sand-

ers, E., and Schulz, V. (1991), Ann. NY Acad. Sci. 646, 300-306.

McNeil, B. and Harvey, L. M. (1990), Fermentation: A Practical Approach, IRL, Oxford,

England.

Norris, J. R. and Ribbons, D. W. (1970), Methods in Microbiology, Academic, London, UK.

Yee, L. and Blanch, H. W. (1992), Biotechnol. NY 10, 1550-1556.

Cutayar, J. M. and Poillon, D. (1989), Biotechnol. Lett. 11, 155-160.

Arcuri, E. J., Turner, K., Sharr, D., and Okita, B. (1988), SIM News 4, 33.

Li, X., Robbins, J. W., Jr., and Taylor, K. B. (1992), . Indust. Microbiol. 9, 1-10.

Yamada, A., Ziese, M. R., Young, J. F., Yamada, Y. K., and Ennis, F. A. (1985), |. Exp.

Med. 162, 663-674.

12. Stebbins,J., Deckman, I. C., Richardson, S. B., and Debouck, C. (1996), Anal. Biochem.
242,90-94.

13. Chiang, C.S., Grove, T., Cooper, M., Cuan, ., Kowalski, A., Parcells, K., Tsunokawa,
M., Rosenberg, M., Arcuri, E., and Franklin, S. (1989), Clin. Chem. 35, 946-952.

14. Zabriskie, D. W., Wareheim, D. A., and Polansky, M. J. (1987), ]. Indust. Microbiol. 2,
87-95.

15. Scorer,C. A., Carrier, M. ]., and Rosenberg, R. F. (1991), Nucl. Acid Res. 19, 3511-3516.

16. Okita, B., Arcuri, E., Turner, A., Sharr, D., Del Tito, B., Swanson, J., Shatzman, A., and
Zabriskie, D. (1989), Biotechnol. Bioeng. 34, 854-862.

17. Heitzer, A., Mason, C. A., Snozzi, M., and Hamer, G. (1990), Arch. Microbiol. 155, 7-12.

18. Zabriskie, D. W. and Arcuri, E. . (1986), Enzyme Microbiol. Technol. 8, 706-717.

19. Laemmli, U. K. (1970), Nature 227, 680-685.

20. Ng,V.L., Chiang, C.S., Debouck, C.,McGrath, M. S., Grove, T. H., and Mills, J. (1989),
J. Clin. Microbiol. 27, 977-982.

o

B0 ®NS

_ =

Applied Biochemistry and Biotechnology Vol. 80, 1999



120
21.
22.
23.

24.
25.

26.

27.
28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

44.

Qoronfleh

Clark, T. A., Hesketh, T., and Seddon, T. (1985), Biotechnol. Bioeng. 27, 1507.
Gleiser, I. E. and Bauer, S. (1981), Biotechnol. Bioeng. 23, 1015.

Wang, D.1. C., Cooney, C. L., Demain, A. L., Dunnill, P., Humphery, A. E., and Lilly,
M. M. (1978), in Fermentation and Enzyme Technology, Wiley, New York.

Khosravi, M., Ryan, W., Webster, D. A., and Stark, B. C. (1990), Plasmid 23, 138-143.
Chen, W., Graham, C., and Ciccarelli, R. B. (1997), ]. Indust. Microbiol. Biotechnol. 18,
43-48.

Hellmuth, K., Korz, D.J., Sanders, E. A., and Deckwer, W. D. (1994), ]. Biotechnol. 32,
289-298.

Khosla, C. and Baily, J. E. (1988), Nature 331, 633-635.

Sakamoto, S., Terada, I., lijima, M., Matsuzawa, H., and Ohta, T. (1994), Appl. Microbiol.
Biotechnol. 42, 569-574.

Nakagawa, S., Oda, H., and Anazawa, H. (1995), Biosci. Biotechnol. Biochem. 59,
2263-2267.

Herber, W. K., Baily, F. ], Carty, C. E., Heimbach, J. C., and Maigetter, R. Z. (1991),
Appl. Microbiol. Biotechnol. 36, 149-152.

Chang, L. L., Hwang, L. Y., Hwang, C. F., and Mou, D. G. (1991), Ann. NY Acad. Sci.
646, 259-272.

Jung, G., Denefle, P., Becquart, J.,and Mayaux, J. F. (1988), Ann. Inst. Pasteur Microbiol.
139, 129-146.

Bailey, F. J., Blankenship, J., Condra, J. H., Maigetter, R. Z., and Ellis, R. W. (1987),
J. Indust. Microbiol. 2, 47-52.

Smith, M. W. and Neidhardt, F. C. (1983), J. Bacteriol. 154, 344-350.

Spiro, S. and Guest, J. R. (1991), Trends Biochem. Sci. 16, 310-314.

Gunsalus, R. P. and Park, S. J. (1994), Res. Microbiol. 145, 437-450.

Park, S.J., Chao, G., and Gunsalus, R. P. (1997), J. Bacteriol. 179, 4138-4142.

Chao, G., Shen, J., Tseng, C. P., Park, S.]., and Gunsalus, R. P. (1997), ]. Bacteriol. 179,
4299-4304.

Jyothirmai, G. and Mishra, R. K. (1994), FEBS Lett. 340, 189-192.

Wang, J. C. and Lynch, A. S. (1993), Curr. Opin. Genet. Dev. 3, 764-768.

Dixon, R. A., Henderson, N. C., and Austin, S. (1988), Nucl. Acid Res. 16, 9933-9946.
Fu,J., Tonga, A.P., Shuler, M. L., and Wilson, D. B. (1992), Biotechnol. Prog. 8, 340-346.
Modi, R. I, Castilla, L. H., Puskas-Rozsa, S., Helling, R. B., and Adams, J. (1992),
Genetics 130, 241-249.

Andersson, L., Yang, S., Neubauer, P.,and Enfors, S. O. (1996), ]. Biotechnol. 46,255-263.

Applied Biochemistry and Biotechnology Vol. 80, 1999



