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Abstract

vghD oxidoreductase was determined to be an NADP-dependent dehydrogenase, and was more active toward 3-HPA when compared
to 1,3-propanediol oxidoreductase. To further improve enzyme activity towards 3-hydroxypropionaldehyde (3-HPA), error-prone PCR
was implemented to mutant yghD gene. Two mutants, D99QNI147H and Q202A with increased catalytic and affinity efficiency, were
obtained after one round of error-prone polymerase chain reaction. And the catalytic efficiency of the mutant D99QN147H was up
to 4-fold greater than the wild enzyme (0.0375 min ' mM ™" vs. 0.0078 min~' mM'). The recombined strain containing pET28yghD
D99QN147H yielded 28 g L~ of 1,3-propanediol in the fed-batch LB cultures (1 L volume) with an initial 3-HPA concentration of
40 g L™'. which was higher than the 21 and 17 g L™ of 1,3-propanediol from the mutant Q202A and the wild-type. respectively. Except
for propionaldehyde, the optimal mutant D99QN147H also exhibited higher activity on a range of substituted aldehydes than the wild-

type.
© 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

1,3-Propanediol (1,3-PD) is a key industrial chemical,
applied mainly for the synthesis of polypropylene glycol
terephthalate (PPT) with highly desired properties for
large volume markets. In nature, PD is produced by
the fermentation of glycerol. At present, 1,3-PD is man-
ufactured commercially through carbonylation of ethyl-
ene oxide or hydration of acrolein. However, these two
methods both require non-regenerative petroleum as the
basic material, coupled with toxic and hazardous inter-
mediates in the production process. Comparatively, bio-
synthesis of 1,3-PD has received increasing attention
due to its environmental and resource advantages. A
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large number of bacteria including Citrobacrer 1], Clos-
tridium [2], Enterobacter [3], Klebsiella [4], and Lactoba-
cillus species can produce 1,3-PD under anaerobic
growth on glycerol, and as such, the current focus is
on improving biological production of 1,3-PD by various
methods including fermentation optimization of the nat-
ural glycerol-utilizing process and construction of geneti-
cally engineered bacterial strains. Utilizing genes from
natural strains of bacteria that produce 1,3-PD from
glycerol, metabolic engineering has enabled the develop-
ment of a recombinant strain that utilizes the lower cost
feedstock D-glucose [5-9]. For example, DuPont has
integrated four genes into a single Escherichia coli micro-
organism [5,6], including the glycerol-3-phosphate dehy-
drogenase  (DAR1) and  glyceride  3-phosphate
dehydrogenase (GPP2) genes obtained from Saccharomy-
ces cerevisiae to provide glycerol [9], and the glycerol
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dehydratases (dhaB) and 1,3-PD oxidoreductase (dhaT)
genes obtained from Kiebsiella pneumoniae to enable
the conversion of glycerol to 1,3-PD [7-10]. Using this
approach, the yield of 1.3-PD could reach 50.1gL~", a
mach higher yield than the natural strain.

Interestingly. a previously uncharacterized oxidoreduc-
tase (termed puritative oxidreductease in GenBank)
encoded by the puritative oxidreductease (yghD) gene from
E. coli was found to substitute 1,3-PD oxidoreductase
(DhaT) from K. pneumonia, and was thus considered a
1.3-"D oxidoreductase isoenzyme [11]. The industrial pref-
erence for yghD over the more obvious dhaT results from
fed-batch fermentation studies where strains utilizing yghD
produced 1,3-PD titers of approximately 130 g L™'; such
high titers could not be obtained in identical strains utiliz-
ing ¢haT nor in glycerol-fed fermentation using naturat 1.3-
PD-producing organisms. It has been proven that the 1.3-
PD vyield only can reach 0.4] g L~' under the same condi-
tions as when the yghD gene encoding puritative oxidre-
ductease was knocked off. Therefore, the yghD gene is
considered to play a pivotal role in the fermentation of
1,.3-PD.

Unfortunately, only a few studies on the function of the
yghD gene produced from E. coli are available in Gen-
Bank. In a study by Nakamura and Whited, in contrast
to dhaT, yghD was considered to utilize NADPH rather
than NADH, and the differences in the cofactor reduced/
oxidized ratios likely contributed to the higher titer, which
resulted in more 3-HPA deoxidized to 1,3-PD [12]. Using
the single wavelength anomalous diffraction method at
the Pt edge, the structure of yghD at 2.0 A resolution was
reported as an NADP-dependent dehydrogenase, a result
confirmed by activity measurements with several alcohols,
and yghD was defined as an alcohol dehydrogenase
(ADH) with preference for alcohols longer than C; [13].
Further, as well as being involved in catalyzing the
in vitro reduction of acetaldehyde, malondialdehyde, prop-
analdehyde, butanaldehyde, and acrolein in a NADPH-
dependent reaction, yghD was also recently shown to be
part of a glutathione-independent response mechanism to
lipid peroxidation [14].

Although some progress in the biotransformation of
1.3-PD has been achieved [11,15,16], and DuPont has
declared to set up a commercial unit of 1,3-PD manufac-
ture through fermentation in the presence of microbes,
new approaches for economic biological production of
1.3-PD are required. Over the past decade, the use of
directed evolution for enhancing enzyme activity and sta-
bility, and even for creating new catalytic function, has
been exploited [17-19], resulting in many evolved
enzymes with improved or new functions [20-22]. How-
ever, as yet there are no reports on directed evolution
applied to yghD); thus, considering the significant role
of yghD in glycerol-fed fermentation, the aim of the
present study was to further increase its 3-HPA-deoxidiz-
ing activity by error-prone PCR in order to generate
more efficient 1,3-PD production.

2. Materials and methods
2.1. Encymes and reagents

Restriction endonucleases, Tag DNA polymerase and
T4 DNA ligase were purchased from Takara Biotech Co.
Ltd. (Dalian, China). NADPH was obtained from Roche.
All chemicals were of analytical grade or higher quality and
purchased from Biocolor (Shanghai, China).

2.2. Strains and plasmids

The E. coli strain Novablue (DE3) was used as the host
for expression of proteins. Plasmid pET28a(+)-yghD
encoding yghD oxidoreductase gene was prepared as
described previously [23].

2.3. Mutant library construction by error-prone PCR

The yghD gene of E. coli K12 was used as the template
for the construction of mutant library. An error-prone
PCR was conducted with a set of primers, N-terminal
primer Nhel: 5-GCAGCTAGCTAGGAGGCCATA
ACTATGAACAAC-3 and C-terminal primer BamHI:
5-CATGGATCCTGTCATGATTTTCGCCCAGTTGG
GTC-3.

The mutagenic buffer (50 pl) was prepared, which con-
tained 12 pmol of unbalanced dNTPs, 20 pmol of each pri-
mer, about 1 ng of template DNA and 0.025 mM MnCl,.
Initial template denaturation was programmed for 10 min
at 95°C. The PCR profile was 1 min at 95°C, 1 min at
56 °C, and | min at 72 °C for 50 cycles, and a final 72 °C
extension step for 10 min. The resulting genes were purified
and digested with Nhel and BamHI, and then subcloned
into an expression vector pET28. The transformed E. coli
novablue with these constructs was spread on Luria—Ber-
tani (LB) plate containing kanamycine (30 ug ml~') grown
overnight at 37 °C.

2.4. Screening of positive clones and sequence analysis

The clones were screened for the conversion of NADPH
to NADP during yghD oxidoreductase catalyzes 3-HPA
into 1,3-PD in 96-well plate format. The clones were grown
in 200 pl of LB media containing 30 ng ml~' kanamycine.
The plate was inoculated with 4 ul/well of the inoculated
cells from the master plate and incubated for 20 h at
37 °C (250 r/min and 85% relative humidity). The 20 h cul-
tures were subcultured into 2.2 ml deep well plates contain-
ing 500 pl/well of LB media with 30 pg ml~! kanamycine
and grown at 37 °C (200 r/min and 85% relative humidity).
Cells grown at the ODsg 0.7-1.0 to were induced with
0.4 mM IPTG to express proteins and were incubated
under the same conditions for 12 h. The cells were collected
by centrifugation at 3500 r/min for 30 min, treated with
lysozyme (1 mgml™') and DNAse (1 pgml™'), and then
frozen and thawed. The crude cell extracts were obtained
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by centrifugation at 4000 r/min for 30 min and the super-
natant was used for the activity assay in the active screen-
ing. About 300 pul supernatant aliquots were transferred
into new 96-well plates for screening, and 3-HPA
(200 uM) and b-mercaptoethanol (1 pM) were added to
the lysate in the presence of 5 uM ZnCl;, and the plates
were incubated for 10 min at room temperature before
20 ul NADPH (500 pM) solution was added. NADPH
consumption rate was measured for 3 min at room temper-
ature at 340 nm and calculated using the equation: 4 = gy
benappi (em = 6200 mol L™ em ™). The background sig-
nal originating from the NADPH consumption without
addition of the substrate served as a negative control.

DNA sequence analyses were performed on both
strands using a synthetic or universal primer purchased
from Biocolor (Shanghai, China).

2.5. Enzyme purification

Escherichia coli cells were grown in 250 ml of LB broth
and induced with 0.4 mM IPTG for 2.5-3h when the
ODyg reached about 0.45. The collected cells by centrifu-
gation were suspended in 50 mM phosphate buffer (pH
8.0) containing 300 mM NaCl and 10 mM imidazole, and
disrupted by ultrasonification. After centrifugation at
14,000 r/min for 30 min, the soluble fraction was loaded
onto an affinity resin column, Ni-NTA (Qiagen), pre-equil-
ibrated with the cell lysis buffer. The column was com-
pletely washed with the same buffer and then eluted with
a buffer containing 250 mM imidazole. Aliquots of each
eluted fraction were subjected to SDS-PAGE and enzyme
assay.

2.6. Determination of kinetic parameters

The assay was carried out in preparations containing
50 mM Tris-HCI buffer (pH 7.7), 1 mM EDTA, 1 mM b-
mercaptoethanol, in the presence of SmM ZnCl,. The
wild-type or mutated yghD enzyme (1.5 mM) was pre-incu-
bated with discrete dilution of 3-HPA (0-150 mM) or other
substrate solutions, and the reaction was started by the
addition of NADPH (50 mM) [13]. The decrease of absorp-
tion at 340 nm, due to the consumption of NADPH, was
read at 40-s interval for 3 min at room temperature. All
values were measured in triplicates. The Michaelis-Menten
parameters were determined by standard methods.

2.7. Determination 3-HPA and 1,3-PD concentration

Concentrations of 3-HPA and 1,3-PD were determined
by GC [24]. The instrument for GC was equipped with a
flame ionization detector, and a 2 m x @3 m stainless-steel
chromatographic column packed with macromolecule
microsphere GDX2401 (110 MS) (made in China). The
injector temperature and detector temperature were both
set at 250°C .The column temperature was fixed at

220 °C. Nitrogen was used as the carrier gas at a flow rate
of 1.0 ml min~" with the split ratio of 1:100.

3. Results
3.1. Construction of a random mutant library

To further improve yghD enzyme activity, the method
of random mutagenesis was applied to the complete yghD
oxidoreductase. The yghD gene was selected as a template
for the round of random mutagenesis. After one round of
random mutagenesis, mutant libraries were produced by
error-prone PCR with different mutagenic factors. From
the iterative screenings of a total of approximate 7500 pro-
duced clones, eight candidates exhibited 1.25- to 4.6-fold
higher enzyme activity when compared to the wild enzyme
(Table 1). The greatest improvement in activity was that of
clone H6, which had a 4.6-fold higher activity.

The eight clones were subjected to sequence analysis.
Results revealed that only five of eight clones were mutated
by error-prone PCR. Four mutants acquired one addi-
tional amino acid substitution of either I1152S, T266P,
G2I1L, or Q202A, and one mutant acquired the additional
amino acid substitutions (D99Q and N147H). All of muta-
tions in the five mutants are shown in Fig. 1.

3.2, Kinetic assay of mutant enzyme toward 3-HPA

Five potentially highly active variants were detected and
further characterized. After protein expression, purifica-
tion, and the calculation of specific activity, only two
mutants had greater activity than the wild enzyme (Table
2). It should be due to the errors brought by the details
of a screening procedure, such as the influence of the host
cell background and the growth medium, etc.

The K, values of the two mutants towards 3-HPA and
the Vaqax extrapolated after non-linear regression of the
experimental points can be seen in Table 2. Even though
the K, values of the two new mutants were still small
(<0.3 min~"y and the affinity for the 3-HPA substrate were
poor (K, values > 8 mM), the two mutants D99QN147H

Table 1
Apparent activity of 1,3-PD formation in wild and potential mutant clones

Average activity® sd® Fold improvement

WwT 1.24 0.012 1

B6 1.98 0.015 1.6

C7 2.23 0.014 1.8

Cl2 3.89 0.017 314

E2 247 0.020 1.99

F1 3.56 0.018 2.87

HS8 1.55 0.015 1.25

H6 5.70 0.041 4.6

GI10 322 0.028 2.6

2 Apparent activity = pmol min "' ml™" in whole cells. Activities are
normalized to the optical density of cell suspensions.
® Standard deviation.
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Fig. 1. Model of y¢/D oxidoreductase with mutation sites. The Zn atom
is displayed as a sphere.

Table 2
Comparison of kinetic parameters among the mutants and wild-type
enzymes

Km KCJI I/,I‘l'lﬂ,\ KCH[/Km

(mM) (min~") (min”'mM'  (min"'mM™"
WT 17+2 0.133 £0.01 0.2+£0.01 0.0078
D99QNI47TH 8 +0.8 0.3+0.02 0.454+0.02 0.0375
Q202A I1+1.2 022+0.02 0.33+£0.02 0.02

and Q202A exhibited an increase in catalytic and affinity
efficiency compared to the wild-type enzyme, with the cat-
alytic efficiency of the D99QN147H mutant up to 4-fold
greater than the parent enzyme (0.0375 min~' mM ™! vs.
0.0078 min ' mM '), indicating that the mutant enzymes
were a better match for the 3-HPA substrate.
Biotransformation of 3-HPA into 1.3-PD by whole cells
of E. coli strains novablue pET281r¢hDD99QN147H,
Q202A, and wild-type strain were examined under the
same fermentation conditions (Fig. 2). Cultures were
grown in LB media with 3-HPA. Fed-batch cultures of
IL volume with an initial 3-HPA concentration of

= W 3-HPA
= 30 @1, 3-PD
Qe ael
;

WT D99QN 147H Q202A

Fig. 2. Concentrations of residual 3-HPA and product of 1.3-PD in
biosynthesis of 1.3-PD with recombined strains containing y¢iD oxido-
reductase or wild-type mutants under the same fermentation conditions.
Fed-batch cultures ol I L volume with an initial 3-HPA concentration of
40gL7"

40 g L' and utilizing either the mutant y¢g/D oxidoreduc-
tase D99QNI147H, mutant y¢hD oxidoreductase Q202A.,
or the wild-type (these were purified from cell-free culture
broth by extraction) yielded 28gL™', 21gL"'. or
[7g L " of 1.3-PD, respectively: the yield was highest in
using the yghD oxidoreductase D99QNI147H mutant. The
ability of the mutants to produce 1,3-PD in whole cell fer-
mentation is important as the improvement in 1,3-PD yield
produced by the two mutants in vivo equals their increased
enzyme catalytic efficiency in vitro.

3.3 Kinetic ussays of mutant enzvme toward other aldehydes

The activity of the optimal mutant D99QN147H was
examined on a range of substituted aldehydes (Figs. 3
and 4). Results showed that y¢iD oxidoreductase and its
mutant D99QN147H can also catalyze other aldehydes
besides 3-HPA, although 3-HPA was found to be the most
appropriate substrate for yghD oxidoreductase in this
study, suggesting that yghD oxidoreductase is indeed a
1.3-PD oxidoreductase isoenzyme. As for propionalde-
hyde, the mutant D99QN147H exhibited a higher activity
than wild-type enzyme. However, no particular trend was
observed in relation to the length of aldehyde chain.

4. Discussion

To date, there are relatively few studies on the applica-
tion of random mutagenesis to enzymes in the glycerol met-
abolic pathway. Due to the fact that yghD oxidoreductase,
but not 1,3-PD oxidoreductase, can deoxidize 3-HPA in
the presence of NADPH in the glycerol metabolic pathway
[11], and plays the more important role in the fermentation
of 1,3-PD than 1,3-PD oxidoreductase, in the present study
we implemented directed evolution to enhance the catalytic
properties of yghD oxidoreductase, as a 1,3-PD oxidore-
ductase (dhaT) isoenzyme, in deoxidizing 3-HPA into 1,3-
PD. Using random mutagenesis with a high through-put
screening system, two variants with a higher activity
toward 3-HPA than wild-type were identified, and they
had acquired mutations.

40 W1
35 @ DIIQN 147H

(mM)

K

3-HPA Valeral-

Formal- Propional- Valeral-

dehyde dehyde  dehyde  dehyde

Fig. 3. K, of y¢hD oxidoreductases toward some aldehydes. The reaction
contained 0.6 uM ryhD oxidoreductase from the mutant DY9QNI47H
and wild enzyme, and 0.2 mM NADPH.
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Fig. 4. Viyax of vghD oxidoreductases toward some aldehydes. The
reaction contained 0.6 uM pghD oxidoreductase from the mutant
D99QN147H and wild enzyme, and 0.2 mM NADPH.

The yghD oxidoreductase with the active site containing
a Zn atom has been shown to catalyze many alcohols, alde-
hydes, and even some sugars under anaerobic conditions,
and it is a dimer of 2 x 387 residues [13]. In the present
study, according to the modeling (Fig. 1) the mutations
in the D99QN147H mutant were located close to the active
domain in the 3-D structure. These replacements signifi-
cantly improved K../Ky (up to 4-fold) and the affinity
ability {up to more than 2-fold). The functional amide
group of glutamine, an amide derivative of the acidic
amino acid glutamate, is highly polar. In this mutant
D99QNI147H, the hydrogen-bonding capability of gluta-
mine may have had a significant effect on enzyme activity.
Trudy and James described that when histidines at appro-
priate positions are located on or near to the active
domain, they also play an important role in the catalytic
activity of numerous enzymes, although histidine is a weak
base, the residuals of which act as a buffer [25]. In the pres-
ent study, Asnl47 substituted by His may have improved
enzyme activity. Further experiments are required to vali-
date the function of positions 99 and 147.

The position 202 is buried into the 3-D structure of yghD
oxidoreductase, and is a little far away from the active
domain. Nevertheless, the introduction of alanine at posi-
tion 202 also had a positive effect on the catalytic efficiency
of yghD oxidoreductase (0.02 min ' mM '), suggesting that
an amino acid in position 202 plays a valuable role in the rela-
tionship between the structure and function of yghD oxido-
reductase. Glutamine is a neutral polar amino acid. In
contrast, alanine is a non-polar, hydrophobic amino acid
and has a different effect on substrate interaction which
resulted in a change in the overall dynamics of the molecule,
and thus, influenced the enzyme activity.

We expect that further improvement of yghD oxidoreduc-
tase is possible, as the initial 3-HPA concentration of
40 g L' in the biotransformation only formed 28 g L' of
1,3-PD when utilizing the best mutant D99QN147H. Fur-
ther improvements are desirable to lower the cost of 1,3-PD.

In conclusion, we demonstrated that the catalytic effi-
cacy of yghD oxidoreductase can be improved by directed
evolution. Small-scale conversion in the whole cell using

the evolved enzyme exhibited a higher performance than
the wild-type enzyme, suggesting that the variant might
be effectively used as a novel biocatalyst for the production
of 1,3-PD.

References

[1] Boenigk R, Bowien S, Gottschalk G. Fermentation of glycerol to 1,3-
propanediol in continuous cultures of Citrobacter freundii. Appl
Microbiol Biotechnol 1993;38(4):453-7.

[2] Raynaud C, Sarcabal P, Meynial-Salles I, et al. Molecular charac-
terization of the 1,3-propanediol (1,3-PD) operon of Clostridium
butyricum. Proc Natl Acad Sci USA 2003;100(9):5010 5.

[3] Barbirato F. Camarasca-Claret C, Bories A, et al. Description of the
glycerol fermentation by a new 1,3-propanediol producing microor-
ganism. Entcrobacter agglomerans. App! Microbiol Biot
1995;43:786-93.

[4] Forage RG, Foster MA. Glycerol fermentation in Klebsiella pneu-
moniae: function of the coenzyme Bj,-dependent glycerol and
dioldehydratases. J Bacteriol 1982;149(2):413-9.

[5] Laffend LA, Nagarajan V, Nakamura CE. Bioconversion of a
fermentable carbon source to 1,3-propanediol by a single microor-
ganism. US Patent, 5 6 86 27 6, 1997-11-11.

[6] Vasantha N, Edwin NC. Production of 1,3-propanediol from glycerol
by recombinant bacteria expressing recombinant dioldehydratase. US
Patent, 8 687 852, 1998-10-13.

[7] Balthuis BA, Gatenby AA, Hynie SL, et al. Mcthod for the
production of glycerol by recombinant organisms. US Patent 6 358
716, 1999-05-11.

[8] Diaz-Torres M, Dunn-Coleman NS, Chase MW, et al. Method for
the recombinant production of 1,3-propanediol. US Patent, 136 576,
2000-10-24.

[9] Zheng MA, Rao Z, Shen W, et al. Construction of recombinant
Saccharomyces eerevisiae producing 1.3-propanediol by onc step
method. Acta Microbiol Sin 2007;47(4):598-603, [in Chinesc].

[10] Gottschal G, Averhoff B. Process for the microbiological preparation
of 1,3-propanediol from glycerol by citrobacter. European Patent 5
164 309, 1989-12-12.

[11] Emptage M, Haynie SL, Laffend LA, et al. Process tor the biological
production of 1,3-propanediol with high titer. US Patent 7 067 300,
2002-10-21.

[12] Nakamu RC, Whited GM. Metabolic engineering for the microbial
production of |.3-propanediol. Curr Opin  Biotechnol
2003:14(5):454-9.

(13] Sulzenbacher G, Alvarez K, Vandenhenbel RH, et al. Crystal
structure of E. cofi alcohol dehydrogenase YghD: evidence of a
covalently modified NADP coenzyme. Mol Biol 2004;342(2):489-502.

[14] José Manuel P, Arenas FA, Pradenas GA, et al. Escherichia coki
Y¢hD exhibits aldehyde reductase activity and protects from the
harmful effect of lipid peroxidation-derived aldehydes. J Biol Chem
2008;283(12):7346-53.

[15] Zhang X, Li Y. Zhuge B, et al. Construction of a novel recombinant
Escherichia coli strain capable of producing 1,3-propanediol and
optimization of fermentation parameters by statistical design. World
J Microbiol Biotechnol 2006;22(9):945-52.

[16] Zhang X, Li Y. Zhuge B. et al. Optimization of 1,3-propanediol
production by novel recombinant Escherichia coh using responsc
surface methodology. J Chem Technol Biotechnol 2006:81(6):1075 8.

[17] Farinas ET, Bulter T, Arnold FH. Directed enzyme evolution. Curr
Opin Biotechnol 2001:12(6):545-51.

[18] Glieder A, Farinas ET, Arnold FH. Laboratory evolution of a
soluble, self-sufficient, highly active alkane hydroxylase. Nat Bio-
technol 2002;20(11):1135-9.

[19] Seifert A, Tatzel S, Schmid RD. Multiple molecular dynamics
simulations of human P450 monooxygenase CYP2C9: the molecular
basis of substrate binding and regioselectivity toward warfarin.
Protein 2006;64(1):147-55.



1524 H. Liet al. | Progress in Natural Science 18 (2008) 1519-1524

[20] Kurtzman AL, Govindarajan S, Vahle K, et al. Advances in directed
protein evolution genetic recombination: applications to therapeutic.
Curr Opin Biotechnol 2001;12(4):361-70.

[21] Canada KA, Iwashita S, Shim H, et al. Directed evolution of toluene
ortho-monooxygenase for enhanced l-naphthol synthesis and chlo-
rinated ethene degradation. J Bacteriol 2002;184(2):344-9.

[22] Zhang YP, Liu M, Cao ZA. Construction of K. pneumoniae
recombinants of aldehyde dehydrogenase gene knockout. China
Biotechnol 2005;25(12):34-8.

[23] Li HM, Chen J, Li L, et al. Cloning and expression of 1,3-
propenediol oxidoreductase isoenzyme gene YghD from Escherichia
cofi. Chem Indu Eng Pro 2008;27(4):528-31, [in Chinese].

[24] Menzel K, Zeng AP, Biebl HK. Kinetic, dynamic and pathway
studies of glycerol metabolism by Klebsiella pneumoniae in anaerobic
continuous culture: I. The phenomena and characterization of
oscillation and hysteresis. Biotechnol Biceng 1996.52(5):549-60.

[25] Trudy M, James RM. Biochemistry: an introduction. 2nd ed. Bei-
jing: McGraw-Hill; 2001.



