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Plastics and biopolymers

bio-based
t
|

Definition of bioplastic:

a) bio-based = derived from
renewable resources

i
.._._._._._._._._._._._._._._._._._._._._._._._1: ______ . biudegradable
I

a) and/or biodegradable

fossil-based



Production (million tonnes)
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Global plastics production 2015:

— 330 million tons (1.3 % bio-based)

European Bioplastics:

- 4.2 Mio.tin 2016 = 6.1 Mio. tin 2021
- dominated by non-biodegradable

bioplastics
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Persistant,
non-biodegradable
polymers/plastics

are mostly produced from
resources

(about 330 million tons/year)
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Persistant polymers

T
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(PE) | | (PVC) | |
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Why iIs polyethylene not

biodegradable ?

CH, Methane

H,C-CH, to Ethane to
H.C-(CH,),,-CH; Hexadecane

H,C-(CH,),-CH,| Polyethylene




Paradigm: biopolymers are like all other
natural compounds biodegradable

However, synthetic polymers are not
necessarily persistant,

l.e. non-biodegradable




Biodegradable plastics

from
resources?




Polyhydroxyalkanoates — PHA

Bacterial storage compounds for carbon and energy

Best studied example: Poly(3-hydroxybutyrate) y cis—CoA } CJO\S_C A
’ Acetyl-CoA AacetyI-CoA
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Production of
Polylactic acid

. 5 : V.
Lactic acid S
bacteria —~——
: (ca. 140.000 tons per year)

Chemical
polymerization



http://www.cargill.com/

Must biopolymers be

biodegradable ?

Biopolymers were in the past developed for
applications where biodegradability is essential:

(M compostable packaging material B Resorbable materials in medicine)

Persistant, non-biodegradable, corrosions-resistant
Polymers are required in large amounts for different

applications
(H Construction H Automobiles)

The biotechnological production of non-biodegradable
polymers will open new perspectives for the chemical
Industry and for the use of renewable resources




Persistant,
non-biodegradable
plastics from
resources?

(biotechnological +
chemical processes)




,Green” polyethylene

B by Braskem S. A. (Brazil) = Capacity: 200,000 tons/year

B Utilization of existing infrastructure and established
knowledge for monomer synthesis

B well established polymer/material

Strateqy/Process:

(1) Fermentative production of ethanol
(2) Chemical conversion of ethanol to ethylene
(3) Chemical polymerization of ethylene




Production routes for biomass-derived

polyethylene (A+B) and polypropylene (C+B)

A Glucose Ethanol B Ethylene PE
sl el Fermentation Dehydration Polymerization
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Persistant,
non-biodegradable
plastics from
resources?

(biotechnological
processes)




Poly(SHB) < Poly(3MB)

OXO0 H Tg=4°C,Tm=175°C

thio Tg =8 °C, Tm = 100 °C




PHA synthases synthesize

as well as polythioesters

OH O SH O

H3C/I\/U\S-C0A H3C/]\/U\S-C0A

(R)-3-Hydroxybutyryl-CoA (R)-3-Mercaptobutyryl-CoA

n+1

n+1

Poly(3HB) Poly(3MB)



PTE copolymers produced

by Ralstonia eutropha H16

Precursor substrates Accumulated Polymer

(@)

HS/\)LOH

3-Mercaptopropionate (3MP) 0 0
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METABOLIC

The metabolism of
an organism
IS engineered :

add new enzymes
add new pathways

* Gregory N. Stephanopotfos™
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e Martin L. Yarmush | din Inactivate genes
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modify regulation




PTE homopolymers produced
by E. coli pBPP1

Cultivation of £. coli pBPP1: |:'> //\)LS/

L X

M9 mineral salt medium Poly(3-mercaptopropionate) (PMP)
+ glucose J\)(i
: : A S//
12 h B x

+ 3-mercaptoalkanoic acids

O
(3MP or 3MB or 3MV) I:'> /Qs/

L X

Poly(3-mercaptovalerate) (PMV)



3MP/3MB/3MV
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Biosynthesis of
polythioesters

by microbial
fermentation




Ao, Polythioesters: Poly(3MP)

T,=170°C T, =121°C
T,=277°C T,=220°C

R O 1
Aerobic conditions : Anaerobic conditions
30°C 1 30°C
S 50°C A 1 50°C
1
X ‘/ Agar plates: 1 Agar plates: ‘
poly(3MP) granules : poly(3MP) granules
Agar plates: 1 Agar plates:
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Poly(3-mercaptopropionate):
A Nonhiodegradable Biopolymer?

Do Young Kim, Tina Liitke-Eversioh, Khaled Elbanna,
Nehal Thakor, and Alexander Steinbiichel
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Modulation of biodegradability

I 3HB Homopolymers
° g from R. eutropha:

Poly(3HB) fully biodegradable

{ A/@ 3MP Homopolymers
> ; from recombinant E. coli:

Poly(3MP) fully persistant

i i 3MP/3HB Copolymers
2 S from R. eutropha:
o s partially biodegradable

with designed degradation rate

Poly(3HB-co-3MP)




Never be prejudiced in experimental science!




Perspectives for PTES

B are only obtained from organic thiochemicals
B these chemicals are too expensive
B these chemicals are often toxic for bacteria

Engineering of the metabolism of
suitable production organisms

4343

Production of PTEs from
simple carbon sources and sulphate



Variovorax paradoxus strain TBEA6 Ralstonia eutropha H16 Advenella mimigardefordensis strain DPN7T

3,3’-Thiodipropionic acid 3,3"-Thiodipropionic acid 3,3 -Dithiodipropionic acid
o o

3,3 -Dithiodipropionic acid
J\/\S/\/"\ L\/\i L\ H
HO OH HO' 'OH HO'

e ——
(o]

HO
E————— T ——
Eremmmem e el e T

=]
o

tripartite tricarboxylate transport system unknown transport system

tripartite tricarboxylate
transport system

(MIM_c08710 - MIM_c08730)
[o]

F
J\/\s/\)‘\ OXrpeas L\ putative hydrolase L/\/\i L\s OH OH
HO OH HO OH HO' OH HO Ho
3-Hydroxypropionic acid
H,0 \ FAD-dependent v VRIOP

e}
Bo NADH+H*,
oxidoreductase . putative NADH+H" \ Disulfide-reductase LpdA
FoxXpyey NAD hydrolase Disulfide-reductase PAhL (H16_A137T)
putative 3-Hydroxypropionate

-/ (MIM_c19220)
NAD*
,\j\ dehydrogenase (H16_A3663) s/\i NAD*
putative thiokinase S/\i Buk/Pth /\i
HS OH NADH+H* H: H: CoA ‘-ﬁ.T HS" OH

3-Mercapiopropionic acid J-Mercaptaprapionic acid

ATP + CoA 3-Mercaptopropionyl-CoA EDP 3-Mercaptopropionic acid
! o
3MP-dioxygenase Mdo,, Thiol-dioxygenase CdoA ~ ADP+P, ATP + CoR. 2 \ 3MP-dioxygenase Mdo,
Coli-§ 0 (H16_B1863) PTE synthesis (MIM_c31400)
Malonate semialdehyd Ho /\io
- PhaC,, PhaC,, ‘ﬁ H
NED(P) CoA-SH CoA (H16_A1437) [(MIM_c13530 CoA
3-Sulﬁnopropionl¢ acid Malonate semialdehyde 3-Sulfinopropionic acid 3-Sulfinopropionic acid
dehydrogenase (H16_A3664)
NAD(P)H+H*, co,

CoA-ligase SucCD,

TBEAS

ADP +P,

CoA / ATP
\ CoA-ligase SucCD

CokK-ligase SucCD,_,_, (H16_R0547/K0548)

(MIM_c18280/18290)
,CoA ADP +P, EKDP +P,
oj\

(o]
*e i 3
'*s/\)Ls Kcetyl-CoR T\J\.Cax {o’k/q[s/\’ﬁ]o/ \j[s/\/q‘s/ BoMs-cd
x! Y
3-Sulfinopropionyl-CoA

y 4
3-Sulfinopropionyl-CoA poly[3HB-co-3MP] PMP 3-sulfinopropionyl-Cok
H,0 H,0
) Desulfinase AcdA
Desulfinase AcdA ., (MIM_c31390)
S0, S0,
sulfite oxidase
(MIM_e01600, MIM_c03760
C entral o MIM_c12620, MIM_c36020),
Methylisocitrate OH 2 50,
O lyase
-Cof —— t b l (MIM _c31320) Me‘lhy]:snclkala Meﬂlvlcnrat: L
_ metabolism e o Ve o ot
Propionyl-Col OH (MIM c31340) (MIM _c13190) Propionyl-CoA sw a:
exporter
2-Methylisocitric acid 2-Methyl-cis-aconitic acid 2-Methylcitric acid Methylcitrate (PSE)
synthase famil
(MIM c31350 50, (MM cz3s30)
MIM _c13200)
OH

Oxaloacetic acid



Synthetic pathways for PTE production

from cheap and non-toxic substrates

2-
OH OH 50,
0 S0.*
HO 02
OH OH
Glucose Sulfate

0 0
% ¥
Ng 5 o
y

Poly[3-mercapto-
propionate]



Synthetic pathways for PTE production

from cheap and non-toxic substrates

2-
OH OH 50, 0
0 S0.* —_
HO $0, —_— SH OH
OH OH ’ NH,
Glucose Sulfate Cysteine
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% ¥
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y

Poly[3-mercapto-
propionate]



Synthetic pathways for PTE production

from cheap and non-toxic substrates

OH OH o

HO
OH OH

Glucose Sulfate

0 0
% ¥
Ng 5 o
y

Poly[3-mercapto-
propionate]

RN SRV N

Cysteine

aminotransferase 3- Mercapto

Cysteine pyruvate



Conversion of cysteine into

3-mercaptopyruvate

o

SH/\I/II\OH

NH>

Cysteine

(Aspartate)

a-KG

Glu

3-Mercapto-
pyruvate

o /

(Oxaloacetate)



Synthetic pathways for PTE production

from cheap and non-toxic substrates

OH OH 0 NADH +H'
0
HO/W/J\H\/ /\)t /\’(k /})k
OH OH Cysteine Lactate
aminotransferase dehydrogenase
Glucose Sulfate Cysteine > Mercapto > Mercapto
pyruvate lactate

0 0
% ¥
Ng 5 o
y

Poly[3-mercapto-
propionate]



Studies on LDHs capable of reducing

3-Mercaptopyruvate

* In silico analysis of LDH sequences

 Purification of selected bacterial LDHs which
convert SMPy to 3ML

e |In vitro determination of specific activities with
3MPy



Synthetic pathways for PTE production

from cheap and non-toxic substrates

2
OH OH 50,

HO 0o I Li
50,

OH OH

Glucose Sulfate

Poly[3-mercapto-
propionate]

Cysteine

Cysteine
aminotransferase

3- Mercapto
pyruvate

NADH +H' { /})k

Lactate
dehydrogenase 3-Mercapto-
lactate
Propionyl-CoA
Propionat CoA - prony

transferase \_,prop-mnate

0

SH /\J\cm

OH

3-Mercapto-
lactoyl-CoA



Synthetic pathways for PTE production

from cheap and non-toxic substrates

2
OH OH 50,

NADH +H'
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50,

OH OH
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Poly[3-mercapto-
propionate]
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aminotransferase
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Lactate
dehydrogenase 3- Mercapto
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Propionyl-CoA
Propionat CoA e

transferase \_} Propionate

L%

Hyd ratase

R

3-Mercapto-
lactoyl-CoA



Synthetic pathways for PTE production

from cheap and non-toxic substrates

2-
OH OH 50,
0 S0.*
HO 02
OH OH
Glucose Sulfate

Poly[3-mercapto-
propionate]
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Cysteine
aminotransferase
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0 ‘ NADPH +H"
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pyruvate
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Lactate
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lactate
Propionyl-CoA
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transferase \->Prop|onate

L%

Hyd ratase

R

3-Mercapto-
lactoyl-CoA



Synthetic pathways for PTE production

from cheap and non-toxic substrates

2-
OH OH 50,
0 SO.* —_
HOW/ 02 —
OH OH Cysteine
aminotransferase
Glucose Sulfate Cysteine

NADP"
0 0 0 ‘ NADPH +H"
Ng s o  SH /\)kCoA
! PHA Reductase
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Lactate
3-Mercapto- dehydrogenase 3-Mercapto-
pyruvate lactate
Propionyl-CoA
Propionat CoA ~ M

transferase \_} Propionate

,\)L_Lﬁ)t

Hyd ratase

R

3-Mercapto-
acryloyl-CoA

3-Mercapto-
lactoyl-CoA



Chemical structures of persistent bioplastics




Summary and Conclusions

Persistant plastics are so far almost exclusively
produced from fossil resources.

However, non-biodegradable plastics can be also produced by
fermentation (PTE) or by a combination of fermentation
and chemical synthesis from renewable resources (, Green* PE).

Polythioesters (PTE) are so far only obtained by the cultivation of
microorganisms in presence of organic sulfur compounds (OSC).

Catabolism of OSC is often achieved by unspecific
enzymes constituting ,, patch work pathways“.

The metabolism of OSC can be engineered (i) to improve
production of PTE, (ii) to modulate the composition, (iii) to
produce novel PTE, and (iv) to produce PTE from cheap substrates.
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Engmeermg of Addlctlon Systems
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Bioplastics and polythioesters

0.8% 4.6%
Other Other

(biodegradable) (non-biodegradable)

> 75% persistent plastic 23.2%
materials Biodegradable

conventional plastics
produced from renewable
resources: &

TOTAL:
4.2 mio
tonnes

most promising
bioplastics among
biodegradable polymers:
PLA & PHA

76.8%
Bio-based &
Non-biodegradable

biosynthesis of
polythioesters ( S) in
2001: persistent structural

analog of PHA PA, polyamide

PBAT, poly(butylene adipate-co-terephthalate)
PBS, polybutylene succinate

PE, polyethylene

PET, polyethylene terephthalate

PHA, polyhydroxyalkanoate

PLA, polylactate

PUR, polyurethane




Why are PTEs persistant ?

Material properties (only contributing):

m solid material
m Insoluble In water
m extremely hydrophobic

Biological reasons:

m only obtained from precursor carbon sources which do not
(or only rarely) occur in natural habitats

m Existence of an unusual linkage type

m synthesized only in the lab by engineered microorganism
possessing a synthetic/non-natural pathway

m PHA depolymerases are more specific than PHA synthases



The biosynthesis pathway:

a “non-natural“ biosynthesis pathway for production of
(novel) biopolymers

il P
HO OH HS)w OH

ATP .
Bukl(> Butyrate kinase (Buk) BukﬁATP

ADP from Clostridium acetobutylicum ADP
N, 0 G
: P-0 M P-O
S HO O HS o 4 ©

Hs-CoA  Phosphotransbutyrylase (Ptb) HS-CoA
Ptb <> P from Clostridium acetobutylicum FP® @

P;

=
I

O

i O

Q)

o
i O

PHA synthase (PhaEC)
PhaEC&»

Hs-coa from Thiococcus pfennigii phaEC HS.COA

O
— O

Homopolymers



Thermal analysis of PTEs

Polymer Formula 7, [°C] 7. [°C]
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Y e W
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e T e S
Ecl)_lly\//(S—hyd roxyvalerate) \ioj\)i_; 10 115
Ecl)\I/I;éB-mercaptovalerate) \isj\)i_; B 84




ers)

—_———
."'E-::..T‘i._:"'__.} [
ﬂ- w ﬁ!}- [
3 Gmﬂﬁ 1
“fﬂu




Exam pleS of PHAS (synthesized by PHA synthases)

Poly(HAsc ) Ralstonia eutropha POlY(3HAyc) Pseudomonas putida
Poly(3HB) Poly(3HO)
L@ o) o) o) : 0 o}
Poly(4HB)
CH, CH; CHs CH;

Poly(3HB-c0-3HA, ;) Pseudomonas sp.
Poly(3HB-co-3HHx-c0o-3HO)
Poly(3HB-c0-3HV)

L0 o) 0 o)
W W \]/\H CH; O 0 CH; O 0
CH, O CH, O ﬂ CH, O g/\r
CH, CHs

CHj

PTEs recombinant E. coli r ~N
Poly(2HP) = PLA
Poly(3MP)

CHs Q CHy 0 CH,

-8 S S S e . 0 0 o
. W W \/\n/ \/\.l "OJ\’-( \Hj\o)\’r \Hko)\ﬂ,—
0 0 o 0

.




Studies on LDHs capable of reducing

3-Mercaptopyruvate

NAD"
o NADH +H”
Y
o LDH
Pyruvate
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3-Mercapto-
pyruvate

OH

OH
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SH OH
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3-Mercapto-
lactate
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— 341
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1000
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L-LDH Clostridium tetani
L-LDH Lactobacillus sakei

L-LDH Lactobacillus casei

549
984

760

L-LDH Staphylococcus aureus MW2

L-LDH Bacillus cereus DSM31

L-LDH Bacillus subtilis 168

877

L-LDH Bacillus halodurans DSM18197

L-LDH Corynebacterium glutamicum ATCC13032

—{ 947

L-LDH Rhodococcus erythropolis PR4

L-LDH Bifidobacterium longum NCC2705

291

-{ 348

L-LDH Advenella mimigardefordensis DPN7

L-LDH Cupriavidus necator DSM13513

L-LDH Klebsiella pneumoniae

D-LDH Escherichia coli MG1655

D-LDH Escherichia coli MG1655

L-LDH Escherichia coli MG1655




Studies on LDHs capable of reducing
3-mercaptopyruvate

Cysteine a-Ketoglutarate 3-Mercaptopyruvate Glutamate 3-Mercaptolactate

Abs

5.6
Coupled assay with AAT
— 5 1
101 #5 E I 4.2
S 47
:% T I
0.5 £
#3 g 21
#2 T
' y e = = 0.02
0 10 20 30 0
Time [min] #1 #2 #3 #4 #5

Time [min]



How are compounds degraded,

which are not available In
natural habitats ?

by unspezific enzymes
assembled
In patchwork pathways



Persistence of Poly(3MP) homopolymer

PMP bar

Soil microcosm -=> Incubation for 2-8 months at 30°C




Persistence of Poly(3MP) Homopolymer
aerobic <-| I-» anaerobic

=

After drying
(for 24 h)



	Слайд номер 1
	Слайд номер 2
	Plastics and biopolymers
	Слайд номер 4
	Persistant, �non-biodegradable polymers/plastics ��are mostly produced from �fossil resources��(about 330 million tons/year) 
	Слайд номер 6
	Слайд номер 7
	Why is polyethylene not biodegradable ?
	Слайд номер 9
	Biodegradable plastics from �renewable resources?
	Polyhydroxyalkanoates – PHA�
				Production of �			Polylactic acid
	Must biopolymers be biodegradable ?
	Persistant, �non-biodegradable plastics from �renewable resources?��(biotechnological + chemical processes)
	„Green“ polyethylene
	Production routes for biomass-derived polyethylene (A+B) and polypropylene (C+B)
	Persistant, �non-biodegradable plastics from �renewable resources?��(biotechnological processes)
	Poly(3HB)        Poly(3MB)
	Слайд номер 19
	PTE copolymers produced �by Ralstonia eutropha H16
	Слайд номер 21
	PTE homopolymers produced by E. coli pBPP1
	Biosynthesis of polythioesters by microbial fermentation
	Polythioesters:  Poly(3MP) 
	Слайд номер 25
	Modulation of biodegradability
	Слайд номер 27
	Perspectives for PTEs
	Слайд номер 29
	Слайд номер 30
	Слайд номер 31
	Слайд номер 32
	Conversion of cysteine into �3-mercaptopyruvate
	Слайд номер 34
	Studies on LDHs capable of reducing �3-Mercaptopyruvate
	Слайд номер 36
	Слайд номер 37
	Слайд номер 38
	Слайд номер 39
	Chemical structures of persistent bioplastics
	Слайд номер 41
	Слайд номер 42
	Слайд номер 43
	Слайд номер 44
	Bioplastics and polythioesters
	Why are PTEs persistant ?
	The BPEC biosynthesis pathway: �a “non-natural“ biosynthesis pathway for production of (novel) biopolymers
	Thermal analysis of PTEs
	Слайд номер 49
	Examples of PHAs (synthesized by PHA synthases)
	Studies on LDHs capable of reducing �3-Mercaptopyruvate
	Studies on LDHs capable of reducing �3-mercaptopyruvate
	How are compounds degraded, which are not available in natural habitats ?
	Persistence of Poly(3MP) homopolymer
	Persistence of Poly(3MP) Homopolymer

