25 ( Lee , 1991)
( Environmental Protection Agency) EPA
4 ( , 2533)
1 )
2 2
21
( Evans Sikdar,
1990)
2.2

(Leaversuch, 1987)



(heavy fuel oil)

4.1

(additive based polymer)
411

450

(dioxins)

(pyrolysis)

3

(polyvinyl chloride, PVC)

300
(2538)
(Sanyo Denki)

(ight fuel oil

(biodegradable plastic)

(polystyrene, PS)



20-30

(hydrophobic surface)

(oxidizing agent)
(peroxide)
Evans Sikdar (1987)

413 (photodegradable plastic)
(ketone carbonyl system)

(polyethylene, PE)

(photoinitiator)

(antioxidation)

3 I3 N>
1 (Leaversuch, 1987)
4.2 (biopolymer)
(biodegradable)
(polyhydroxyalkanoate, PHA) (polylactide, PLA)
(aliphatic polyester) (polysaccharides)
14 .. 2000 (Leversuch, 1987 Lee, 1996)

PHA
PHA



(Lee, 1996)
PHA
PHA (Prokaryote)
80 PHA
(sporulation)  Bacillus (Willamson Wilkinson, 1958)
(encysment)  Azotobactor (Dawes, 1974)
(Bloembergen , 1986) PHA
1
Alcaligenes eutrophus 0.24-0.50 8-13
PHA (Byrom,
1994)
1 PHA ( Brandi , 1990)
PHA
Bergey Manual (% ) PHA
Group 1 Chioroflexus <1 yeast extract/glycylglycine
Phototrophic bacteria Chromatium 2 acetate
Ectothiorhodospira ND NS
Lam procystis ND NS
Rhodobacter 80 acetate
Rhodospirium 47 acetate
Thiocapsa ND NS
Thiocystis ND NS
Thiodictyon ND NS
Thiopedia ND NS
Thiosphaera ND acetone/CCp
Group 2 Gliding bacteria  seggiatia 57 acetate
Group 3 Sheathed bacteria  Leptothrix 67 pyruvate



()

Bergey Manual

Group 4 Budding andlor
curved bacteria

Group 7 Gram-negative
aerohic rods and cocci

Group 8 Gram-negative
facultative anaerobic
rods

Group 9 Gram-negative
anaerobic hacteria

Group 10 Gramnegative
cocci and cocibacini

Group 12 Gram-negative
chemolithotrophic

Group 13 Archaebacteria

(%
Sphaerotilus
Caulobacter
Azospirillum
Oceanospirillum
Spirillum
Alcaligenes
Azotobacter
Beijerinckia
Derxia
Methylobacterium
Methylosinus
Pseudomonas
Rhizobium
Xanthobacter
Zoogloea
Chromobacterium
Escherichia
Haemophilus
Photobacterium
Vibrio

Syntrophomonas

Acinetobacter
Lampropedia
Moraxella
Paracoccus
Nitrobacter
Nitrococcus
Thiobacillus

Halobacterium

PHA

4
3%
7
ND
40
9%
13
3
2%
4
%
67
o7
ND
ND
37
ND
ND
ND
ND
0

<1
ND
ND
ND
ND
ND
ND
3

Q1

PHA
glucose/peptone
glucose/glutamate
malate
NS
|actate
fructose
glucose
glucose
glucose
methanol
methanol
methanol
methanol
NS
yeast extract/casamino
glucose/peptone
tryptonelyeastextract/oluoose
brain heart infusion
NS
NS
glutonate

glucose
NS
NS
NS
NS
NS

glucose

glucose



1)

Bergey Manual
Group 14 Gram-possitive
cocc
Group 15 Endospore-
forming rods and cocci
Group 17 Actinomycétes

Cyanobacteria

PHA

(chiral carbon)

Micrococcus

Bacillus
Clostridium
Mycoplana
Nocardia
Streptomyces
Aphanothece
Chlorogloea
Gamphosphaeria
Microcoleus
Microcystis

Spirulina

PHA

R-configuration

(head to tail configuration)

PHA

28

25

ND
14

<1
10
ND
<1
ND

(linear polyester)

PHA
peptone/tryptone

glucose
tryptone/peptone/glucose
methanol
butane
glucose
NS
acetate, CO,
ND
ND
ND
Co,

. 1990)



/ H N
— 0—*C-(CH)— ¢ -
R 0 *
y / 1 - 30000
=1R = (H) (- )
R = (CHU & ( )
R = (CH3) ( )
R = (CH9 ( )
R = (CH9) ; ( )
R Yemy )
R = (CHYH (- )
=2 R = (H) (4- )
=3 R = (H) N\ )
1 (Findlay White, 1983)
PHA
Lemoigne (1926) PHA PHB Bacillus
1959 Beptist PHB
(Beptist, 1959 US. patent 303659 Beptist, 1962 US. patent 3044942)
Rohwedder (1974)
PHB
3HV, 3HC 3HH PHA
PHA 2
o1 |y / J
1 (homopolymer)
[Poly(P-hydroxybutyrate P(3HB)]
2 (heteropolymer)
(copolymer) 2

) [P(3-hydroxybutyrate-co-3-hydroxyvalerate)

megaterium

Wallen

P(3HB-CO-



3HV)] (- - -4- ) [P(3-hydroxybutyrate-co-4-
hydroxybutyrate)] P(3HB-co-4HB) (terpolymer)

3 (- 1 - - ' - -4
! ) [P(3-hydroxybutyrate-co-3-hydroxyvalerate-co-4-hydroxybutyrate)
P(3HB-C0-3HV-CO-4HB)  (3- - -3 - -4

) [P(3-hydroxybutyrate-co-3-hydroxyhexanoate-co-4-hydroxyhexanoate)
P(3HB-CO-3HH-CO-4HH)]

3 ( | 2538)

PHA Alcaligenes eutrophus

Holmes (1985) A. eutrophus PHB 80
P(3HB-C0-3HV) PHA
A. eutrophus (number average molecular weight, Mn)
(polydispersity index, MwWMn) PHA



2 PHA
(Doi, 1990)
( % PHA
3HB  3HV 4HB  MmxIO- MwMn
Alcaligenes eutrophus  TTUCtOSe 100 0 137 19
butyric acid 100 0 0 432 21
pentanoic acid 21 " 0 254 20
y-butyrolactone 83 0 17 369 18
Bacillus megaterium g|UCOS€ 100 0 166 18
Zoogloea ramigera glucose 100 0 0 542 25
Protomonas extorquens  Propanol 67 3 0 437 23
' (Imperial Chemical Industries) ICI
1 (ZENECA Bio Product)
PHA A.eutrophus PHB
P(3HB-C0-3HV)
(fed-batch culture) ( )
3HV
P(67%3HB-C0-33%3HV) 70 (Holmes, P.A. , 1983
European patent 0069497 1985 European patent 0052459) Holmes (1985)
A.eutrophus P(57%3HB-CO0-
43%3HV) 35
PHB Doi (1987)
A.eutrophus P(10%3HB-CO-
90%3HV)
3HV Kim (1994)
10-20
A.eutrophus PHB 121

164 76 50



10

242 P(3HB-CO-3HV) 110

Doi (1995)
Alderete (1993) A. eutrophus
PHB 47
P(3HB-CO-30.8%3HV) 32
44 016 (Park
Damodaram,1994)  Tamaka (1995)
PHB
(Saibu Gas)
PHB
PHB 62
91.3 67.8 40
Eggink (1993) A.eutrophus
PHB 325 60
PHA
Kunioka Doi (1988) P(3HB-C0-3HV-C0-4HB)]
A.eutrophus 4-

3



3 P(3HB-C0-3HV-C0-4HB) A.eutrophus
4- (Doi, 1990)
( ) PHA ( % PHA
HO<CH,,COOH CH,(CHJCOOH  ( ) (%) 3HB  3HV  4HB
175 25 18 18 3 45 23
150 50 9.6 i 34 30 3
100 100 104 2 kil 14 %)
15 125 105 24 28 5 67
Valentine (1992) (3-
-3- - -4 ) [P(3-hydroxybutyrate-co-3-hydroxyvalerate-
co-4-hydroxyvalerate) P(3HB-C0-3HV-C0-4HV)] A.eutrophus NCIB 11599
4- 4- (4-hydroxyvalulinic)
P(42%3HB-C0-52.2%3HV-C0-5.64%4HV) 50
.. 1994 P(3HB-C0-3HH-C0-4HH)
A.eutrophus PHB 4 Jang Rogers (1996) A.eutrophus
SH-69 (3- - 3
) [P(3-hydroxybutyrate-co-3-hydroxyvalerate-co-levulinate) P(3HB-
C0-3HV-CO-LV)] 2
10.2 23.4
0.85

3HV 3.2 8.1



PHA A.eutrophus

PHA
PHA  Aeutrophus single operon
phbC-A-B PHA synthase, P-ketothiolase NADPH-dependent
acetoacetyl-CoA reductase
% 0 PHAgynthase (3-Ketothiolase NADPH-reductase
TTGACA—AACAAT...... phbC (1767 bp'N phhA (L1179 hp\ phbB (738 bp)
18hp 314 bp . 8bp ;o Thhp
2 single operon PHA  A.eutrophus
(Steinbuchel, 1992)
PHB
CH3 0
-(-0-CH-CH2C-)-n
Senior Aawes Oeding Schlegel (1973)
PHB (aectyl-CoA) 3
Acetyl-CoA + Acetyl-CoA
[3-Ketothiolase
A« Acetoacetyl-CoA synthase
Acetoacetyl-CoA < Acetoacetate
NADPH ( \
Reductase AMP ATP + CoA
NADP’
NADH D(-)-3-hydroxybutyrate
D(-)-hydroxybutyryl-CoA dehydrogenase
P(3HB), N.ﬂ\l)"_/
PHA synthase 4
P(3HB), ., - D(-)-3-hydroxybutyrate
PHA depolymerase

3 PHB A.eutrophus (Lee, 1996)



Doi

(1986-1988) PHB

A.eutrophus
[1<713 , [2-C33
[1-CI3U PHB
(P-Ketothiolase) (CoA)
4
CH,COOH Glucose Fatty acids CH.CHjCH;COOH
Fructose CoAH /-~ AIP
ATP+CoASH ’ AVPPP
CH,CHZCH2ZCO-SCoA
ATP+PR FAD--
| FADH, 4
TCA cycle CH,CO-SCoA CHCH=CHCO-SCoA
7 [3-Ketothiolase
COASH «++-<p NADH NAD' OH
CH,COCH,CO-SCoA .__LL (LICH.CHCH;jCO-SCoA
NADPH  «- NADH-inked acetoacetyl-CoA reductase
NADP+ NADPH-linked acetoacetyl-CoA reductase
OH *
(D)CH,CHCH,CO-SCoA
CoASH P(3HB| synthase
P(3HB)
4 PHB A.eutrophus (Doi,
1990)
Oeding Schlegel (1973)

(Glycaolysis)
(citrate synthase)

PHB



(TCA cycle)

PHB
(C2) - (P-oxidation)
(acetoacetyl-CoA)
PHB (Heinzle Lafferty, 1980 ; Suzuki , 1986)
P(3HB-C0-3HV)
CH,
CH1 CH,
-(-0-CH-CH -C-)x (-0-CH-CH2-C-)y
Doi (1988) P(3HB-C0-3HV)
[1-CH 5

CH,CH,cO0H

CoASH
K’ AMP+PPi )'(‘o:

CH,CH, CO-SCoA

3-Ketothiolase
CoASH

>~ /CH,CO-SCoA

M

CoASH
CH,CH, COCH CO-SCoA CH,COCH,CO-SCoA
NADPH Reductase NADPH
NADP’ J\ >t‘. NADP’

(D)CH,CH, CHCH,CO-SCoA (D)CH,CHCH,CO-SCoA
Synthase
CoASH 4< >1\o CoASH
P(3HB-c0-3HV)
5 P(3HB-C0-3HV) A.eutrophus
(Doi, 1990)

(CH) " 3-ketovaleryl-CoA



3-hydroxyvaleryl-CoA 3-ketoacyl-CoA reductase 3-ketovaleryl-CoA
3-ketoacyl-CoA thiolase (C2)
(C3) (x2) 3HB
3-ketoacyl-CoA thiolase
P(3HV) 6  Doi (1988)

P(3HB-C0-97%3HV)

CH.CH chZooh ch,chZh2CH:COOH
P-Oxidation
CH,CH2C0O-SCoA
' X2 t f
CH,COCHXCO-SCoA 4 ¥ CH,CO-SCoA 3 CH,CHXCOCH2CO-SCoA
3-ketoacyl-CoA thiolase  3-ketoacyl-CoA thiolase

Fketoacyl-CoA  reductase 3-ketoacyl-CoA ,, reductase
CH,CH(OH)CH2CO-SCoA CH,CH,CH(OH)CH2CO-SCoA
HB HV
6 PHB P(3HB-C0-3HV) A.eutrophus
(Ishihara , 1996)
Doi (Unpublished Manuscript, n.d.) 1 P(3HB-C0-3HV)

3HB acetoacetyl-CoA 3HV acetoacetyl-CoA
1

(
40) P(3HB-CO-3HVA 56

P(3HB-C0-3HVA
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P(3HB-C0-3HV) A.eutrophus ZENECA

glucose-salts medium

2
P(3HB-CO0-
3HV) 5 110-120
P(3HB-C0-3HV) 3HV 0-47
(Doi, Unpublish Manuscript, n.d.)
P(3HB-C0-4HB)
CH, 0 0
A(-0- CH-CH,- ¢-)X— (-0-CH2CH2CH2 C-)y
Doi Kunioka (1988) P(3HB-C0-4HB)
A.eutrophus 4- 1 .. 1989
P(3HB-C0-4HB)
4- 4- 1,4-
1,6- y- 4
4 1 P(3HB-C0-4HB)
A.eutrophus (Doi, 1990)
PHA ( % PHA
(20 ) ( ) (% ) 3HB 4HB
4-hydroxybutyric acid 49 19 69 kil
y-bytyrolactone 6.2 il & 7
14-butanediol 53 2 89 1
1,6-butanediol 55 25 84 16

4-chlorobutyric acid 51 21 89 il



i

HO(CH240H
HO(CH260H
CoA-SH PPi
0 HO | o aw

Il

OCH,CH,CH,(

\
il

HOCH,CH,CH,COH

AMP (0]
| ] I
HOCH,CH,CH,C-SCo

3HB

4HB

TCA cycle

f

CoA-SH
CH,CO-SCoA .L.. CH,COCH,CO-SCoA

!

CH,CH=CHCO-SCoA ¢ CH;=CHCH,CO-SCoA

NADH NADH
NAD'
! on
! (L)CH, CHCH,CO-SCoA
! ]
Fructose H,0 /
FADH, 4\“
o
FAD
CH,CHXHZCO-SCoA
AMP+PPi
ATP CoA-SH
CH,CHLH2COOH
I P(3HB-C0-4HB)
(Kunioka , 1989)
4-
butyryl-CoA

D-3-hydroxybutyryl-CoA

7T_. (D)CH CHCH,CO-SCoA
|
NAD' OH

T

H.O

A.eutrophus

4-hydroxy-
4-hydroxybutyryl-CoA
3HB



4-1 P(3HB-CO-
4HB) 1 4HB 33
4- " D-3-hydroxy-
butyryl-CoA 4- 1
P(3HB-C0-4HB) 4HB
(y-butyrolactone) 4-
hydroxybutyryl-CoA (hydrolysis) 4-
(4-chlorobutyric) 4-hydroxybutyryl-CoA (dechlorination)
14- (1,4-butanediol) (alkanediol)
1,6-hexanediol, 1,8-octanediol, 1,10-decanediol 1,12-
dodecanediol 4-hydroxybutyryl-CoA
4- 1
P(3HB-C0-4HB) ( )1 4HB
4- 1
Doi (1992) P(3HB-C0-4HB) 4HB
70-100 4-

CoA

D-3-hydroxybutyryl-CoA

4-hydroxy butyryl-

4HB 8
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CH,CO-SCoA ., <

<

(D)CH,CHCH,CO-SCoA +—— CH,COCH,CO-SCoA ﬂ

| |

| 3SHB |_| 4HB J CH,CH=CHCO-SCoA
X

Y

HOCH:CHLCH2COOH 7 HOCHXCHZCH2CO-SCoA

CoA-SH L
CoA-SH
CHXCHXCH2COOH
8 P(3HB-C0-4HB)
P(3HB-C0-4HB) 4HB 70-100 (Doi, Unpublish, Manuscpirt,
nd.)

)¢



PHA

(rehardness)

PHA

20

(thermoplastic) (Holmes, 1985)

(Gross , 1989) PHA

(viscous liquid)

PHA

2

(amorphous, non-crystalline thermoplastic)

thermoplastic)

CH,

(

PHA
(stereoreqular isotactic) (Dawes

o
(CH,),
¢
0 FWIaH cn:/
\

g PHA
= 100-30000; x= 0-10) (Eggink

(mechanical properties)

(cloudy)

(partial, semi-crystalline

(head-to-tail configuration)

Senior, 1973)
9

GH

@} e

CH

LT

- 1992)

(CHx %

\CH2 7 0

(physical properties)



2l
L (glass transition temperature, Tg)
(glass like)
(rubber like) Tg
Tg
(flexible)
2. (melting temperature, Tm)
Scandola (1992) m Tg PHA
(quench-cooled)
(super cooled liquid) (metastable)
3. (average molecular weight)
(polydispersity index, PDI)
(polydisperse)
2 (Number average molecular weight,
Mn)
(Weight average molecular weight, Mw)
(molecular weight distribution) Mw Mn

Mw Mn
(monodisperse)
PDI = MwMn



2

PDI (

PDI 2 PDI
20 30

M, = 746,000
MM, = 1.9

10 10 10
10 PHB A.eutrophus
(Doi, 1990)
(stress, )
(F)
(A) (psi), 1 (N/mm.2)
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2. (Elastic strain, ¢)

(reversible) (elasticity)
(AL)
(LO) ( 6= ALL,

3 (Modulus of Elasticity, E) (Young’s
Modulus) (Hooke’s Law)
( E=sle)

) PHA A.eutrophus
(Lee, 1996)
PHA Tg Tm Young Tensile Elongation to
(°) (%) ~ modulus (GPa) strength(MPa) break(%)
P(3HB) 10 179 35 40 5
P(3HB-C0-3HV)
3 mol% 3HV 8 170 29 38
9 mol% 3HV 6 162 19 31
14 mol % 3HV 4 150 15 3
20 mol% 3HV 1 145 12 32
25 mol% 3HV -0 137 0.7 30
P(3HB-C0-4HB)
3 mol% 4HB - 166 - 28 45
10 mol% 4HB - 159 - 2 242
16 mol% 4HB - - - 26 444
64 mol% 4HB - 50 30 i 51
90 mol% 4HB - 50 100 65 1080
Polypropylene -10 170 17 345 400
Polyethylene terephthalene 69 262 2.2 56 7300

Polystyrene - 110 31 50
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4 3HB, 3HV  4HB ( ) PHA
Holmes (1985) PHB
Tg  Tm
PHB
P(3HB-C0-3HV)  Bluhum (1986)
( ) 3HV
PHB P(3HB-C0-3HV)
(isodimorphic)
(cocrystallization) 3HB 3HV
Organ Barham (1988) (nucléation) P(3HB-
CO-3HV) 3HV
(% crystallinity), Tm Ty
Doi (1990) P(3HB-c0-3HV)
3RV 3HV 40
(Tm =75 °¢) 3RV
30 60 (very soft)
(pseudoeutactic) P(3HB-
C0-71%3HV) PHB 3HB
3RV 3HB (PHB lattice) 3HV (PHV lattice)

m 6
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6 3HV 0-71
P(3HB-C0-3HV) (Holmes, 1988 Doi, unpublished result ref.
Doi. 1990)
( ) Tm Tg  Young Modulus Stress  Tensile strength  Elongation
3HB 3HV C °C GPa) (MPa) (MPa) (%)
100 0 m 0 35 - 40 5
97 3 m 8 29 - 3B
a1 9 162 6 19 - 37
86 i 150 4 15 - 3
80 20 [ 12 - 2
75 25 B 6 0.7 - 30 -
66 34 97 8 - 3 18 970
45 55 7 -10 - V) 16 1200
29 [ 8 -13 - - 1 5
Kunioka Doi (1990) P(3HB-C0-4HB) 4HB
0 44 P(3HB-C0-4HB)
55 14
180 C 150 C 4HB
4HB 40

(elastic rubber) T
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7 4HB 0-44
P(3HB-C0-4HB) (Doi, 1990)

( ) Stress  Tensile strength ~ Elongation
3HB 4HB (%) (MPa) (MPa) (%)
100 0 60 - 43 5
97 3 55 34 28 45
90 10 45 28 2 242
84 16 45 19 26 444
56 44 15 - 10 511
Scandola (1990) P(3HB-C0-4HB) 4HB
T 8 P(3HB-C0-4HB)
(partial crystalline) 4HB 3HB 4HB
Tg 3HV
(plastic crystalline)
Anderson (1990) P(3HB-C0-4HB)
PHB P(3HB-C0-3HV)
PHA
Holmes (1988) PHB (injection
molding) (extrusion molding)
PHB ( melt unstable)
PHB
(fiber) PHB (drawn)

PHB (spin)
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PHB 1.2- (1,2-dichloroethane)
( Modulus = 8 GPa tensile strength = 900 MPa)
P(3HB-C0-3HV) 3HV 25
nucleating agent spherlulite
P(3HB-C0-17%3HV)
PHB P(3HB-C0-17%3HV) biaxilally drawn
' (polyolefin  film)
( Holmes, 1988 Doi, 1990)
PHA
Reusch [1992 Lee, (1996)] D(-)-3-hydroxybutyrate
(intermediate  metabolite) D(-)-3-
hydroxybutyrate 100-200
ion channel
(D)-3-hydroxybutyrate
(implant) (biomaterials) PHB
PHA
PHA
(Holmes, 1988 Anderson Dawes, 1990)
(Galgut , 1991 Gogolewski , 1993)
Korsako [1983 1984 Anderson Dawes (1990)]
PHA
PHB
7- (7-hydroxy-

ethyltheophylling)
PHB 105



PHA
(
Gogolewski 1993)
Gogolewski (1993)
3HV 5 22
6
(fibroblast tissue)
PLA PLA
PLA
P(3HB-C0-3HV) (
3HV
6
56-99%)
-43
( ) 3HV !

28

(blood vessel) PHA
, )
intramedulla PHA
(piezoelectric healing)  (Daniels , 1990

PLA, PHB P(3HB-C0-3HV)

(connective tissue)
PHB P(3HB-C0-3HV)

PHB  P(3HB-c0-3HV)
PHA
PHB  P(3HB-C0-3HV)
) 3HV

PLA

(weight loss = 0-50%) PHA
0-1.6 P(3HB-c03HV)

’, Z 2



PHA

Byrom

1,000

1990
(SANARA)

*3.

[1994 Lee, (1996)]
PHA
P(3HB) P(3HB-C0-3HV)
(BIOPOL)
16 1
P(3HB-C0-3HV)
(Wella, German Hair care)
PHA
(Lee, 1996)
PHA (Lee, 1996)
11
12 ,
2.1
2.2
(boost)
|
1 11
] 1 Lzl
3.2 (non-woven fabric) (Egging , 1992)

P

PHA



(2536)
PHB
( 0.75
2 MSM
( 2.03
Alcaligenes sp. A-04
600
30 ° 30
PHB 79
PHB

(2537)
A-04
0-95 P(3HB-C0-4HB)
Alcaligenes sp. A-04
3HV-CO-4HB)
4HB

CO-3HV-CO-4HB)

30

PHA
Alcaligenes sp. A-04
PHB 21
PHB 49
(2537)
PHB
1.8 vvm
15
( 721 )
Alcaligenes sp.
P(3HB-C0-3HV) 3HV
4HB 0-38
P(3HB-C0-
, 3HV

-4-
PHB  P(3HB-C0-3HV) P(3HB-
P(3HB-C0-3HV-C0-4HB)

P(3HB-C0-3HV-C0-4HB)



3HV 40
(Holmes, 1988 Doi, 1990) 4HB
40
(Kunioka Doi, 1990) 3HB
3H\A
( young’s modulus) P(3HB-C0-3HV-
CO-4HB)
( ) 4HB (Kunioka, 1989)
( )
P(3HB-C0-3HV-C0-4HB)
Alcaligsnes sp. A-04
( ) ( )
P(3HB-C0-3HV-CO0-
4HB) ( )
P(3HB-C0-3HV) P(3HB-C0-4HB)
4HB
4 1,4- 4

4HB
Alcaligenes sp. A-04



2.
Alcaligenes sp. A-04
3

Alcaligenes  sp.

Alcaligenes sp. A-04

Alcaligenes sp. A-04

A-04

32
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