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What is Industrial Biotechnology
d h i i hit ?and why is is white?

Industrial 
Biotechnology is theBiotechnology is the 
application of nature’s 
t l t t i d t i ltoolset to industrial 
production
EuropaBio (European Association 
for Bio‐industries) 2003



Nature’s toolset

• Microorganisms

– Fungi

– Yeasts

– Bacteria

• Applications can be 
designed with

– Whole microbial cells

– Biocatalysts derived 
from microorganisms



Industrial productionp

• Implementation of 
biotechnology in industrialbiotechnology in industrial 
production processes

• Conversion of existingConversion of existing
industrial processes to
biobased ones

• Development of novel 
bioprocesses for industrial 
applications

• Use of renewable biomass to 
l t h i lreplace petrochemical 

feedstock



Bioprocess developmentp p



The colors of Biotech

• Medicine, therapeutics, diagnostica, vaccines

• Agriculture, transgenic plants, nutritionAgriculture, transgenic plants, nutrition

• Environment protection, waste treatment

• Therapeutics new materials from marine organismsTherapeutics, new materials from marine organisms



Products made by Industrial Biotechnologyy gy

• Fine chemicals
• Highly functionalized

• Often chiral building blocksg

• Typically produced in small quantities (<1.000 t/a)

• Bulk chemicals
/• Produced in large quantities >10.000 t/a 

• Opportunity for increased production by Industrial Biotech

• Industrial Enzymesy
• World enzyme demand will rise 6.8 percent annually to $8 billion in 2015

• Targets: diagnostic, industrial biotechnology, animal feed, food markets

• Biofuels• Biofuels
• Biogas, biodiesel, ethanol



Enzymes for the detergent industryy g y

Enzymes already used in 
detergents
– ProteasesProteases
– Amylases
– Cellulases
– Lipases

Novel enzymes: polyester
hydrolaseshydrolases
– Enabling laundry wash at lower

temperatures and with less
f t tsurfactant

– Reduce pilling and improve
color brightness of synthetic

iltextiles



“Bio‐finishing” of cotton textiles with 
ll lcellulases



Most synthetic fibres are made from
l th l t hthl tpolyethylene terephthlate



Effects of biocatalysts in PET hydrolysis 
and functionalization reactionsand functionalization reactions

• Introduction of functional groups specifically on the• Introduction of functional groups specifically on the 
surface of the polyester allows for the specific 
modification of polymer properties

d h d h l l d d• Increased hydrophilicity resulting in improved wetting and 
absorbancy properties in textile finishing

• Textile detergent additive: pilling reduction, oily stain g p g , y
removal

• Mild reaction conditions compared to chemical methods
d d i f h i l d• Reduced consumption of water, chemicals and energy

when used in a bioprocess



Microbial polyester hydrolases for the
modification of synthetic polymersmodification of synthetic polymers

Carboxylesterase 
TfCa T. fusca

Cutinase TfU_0882 
T. fusca

Cutinase TfU_0883 
T. fusca

C ti H i lC ti F i Lipase PseudomonasCutinase Humicola 
insolens

Cutinase Fusarium 
solani 

S Billig, T Oeser, C Birkemeyer, W Zimmermann. Appl Microbiol Biotechnol (2010) 87:1753–1764

Lipase Pseudomonas 
mendocina



Polyester hydrolase TfCut2 from T. fuscay y f

• TfCut2 has high activity with• TfCut2 has high activity withHisAsp TfCut2 has high activity with 
PET and PCL

• Active site is located in a 
groove at the surface of the

TfCut2 has high activity with 
PET and PCL

• Active site is located in a 
groove at the surface of the

Ser

His

groove at the surface of the 
enzyme

• Stability: T = 50 h at 60°C

groove at the surface of the 
enzyme

• Stability: T = 50 h at 60°C• Stability: T½= 50 h at 60 C

• Recombinant expression in 
E coli and Bacillus

• Stability: T½= 50 h at 60 C

• Recombinant expression in 
E coli and BacillusE. coli and Bacillus 
megaterium
E. coli and Bacillus 
megaterium



Hydrolysis of semi‐crystalline PET fibers by
th b l t TfC f T fthe carboxylesterase TfCa from T. fusca

(♦) TPA

(■) MHET

(▲) BHET

(●) EMT

( ) EBT(x) EBT

(+) total 
released 
products



SEM of PET fiber surfaces (untreated, left) 
d PET h d l t t d ( i ht)and PET hydrolase‐treated (right)



Increased water absorption of PET textiles 
t t d ith l t h d ltreated with a polyester hydrolase

Feuerhack A, Alisch‐Mark M, Kisner A, Pezzin S, Zimmermann W, Andreaus J. Biocatalysis and Biotransformation, 26:357‐364 (2008)



Challenges in biocatalyst development for
h i l d d isynthetic polymer degradation

The degradability of the synthetic
polymer by an enzyme will depend on:
– Aromatic components of the polymer
– Accessibility of the polymer chain: degreeAccessibility of the polymer chain: degree
of crystallinity

– Efficient adsorption to the polymerEfficient adsorption to the polymer 
surface

– The reaction temperature > polymer chainThe reaction temperature  polymer chain
mobility



Strategies for tuning biocatalytic polyester
h d lhydrolysis activity

– Modification of the substrate binding
pocket of the PET hydrolase  →
Identification of structural elementsIdentification of structural elements
close to the active site responsible for
polymer depolymerization

– Modification of substrate adsorption
properties of the PET hydrolase →
Improved interaction with the polymer 
h ichain

– Achieving PET hydrolase activity at
h h dhigher temperatures → Increased
polymer chain mobility and accessibility
close to the glass transition temperature
of PET at 67‐81°Cof PET at 67‐81 C



Crystal structure of the polyester
h d l f Th bifid lbhydrolase from Thermobifida alba

Kitadokoro et al. Polymer Degradation & Stability 92:771-775 (2012)



Hydrophobicity of the PET hydrolase 
TfCa from T. fusca KW3  

Kyte‐Doolittle 
hydrophobicity plot of 
h i id f TfCthe amino acids of TfCa.
Values for the amino 
acids above 0 indicate 
the hydrophobic 
h t f th t icharacter of the protein.
The plot was prepared 
using ProtScale 
(Gasteiger et al., 2005).



Surface comparison of polyester hydrolase
i f T fisoenzymes from T. fusca

Comparison of the surface of TfCut‐1 and TfCut‐2 shows two 

Herrero Acero et al. 2011
Wei 2011

p
regions away from the active site with distinct hydrophobic and 
electrostatic properties



Initial rate of terephthalate formation from
PET fil b ( ) TfC t 1 d (b) TfC t 2PET films by (a) TfCut‐1 and (b) TfCut‐2

TfCut-2 (b) shows a higher efficiency for PET hydrolysis compared to TfCut-1 (a)



Kinetic analysis of the release of terephthalate 
f PET fil b TfC t1 d TfC t2from PET films by TfCut1 and TfCut2

Variable residues on the surface of 
enzyme

K
[ml/μg] k2 [nmol/cm2/h]

No. AA 28 29 64 182 186

TfCut1 As
n Val Gln Leu Arg 0.0054±0.0007 11.01±1.12

TfCut2 As
n Val Glu Ala Lys 0.0158±0.0038 16.56±3.39

TfCut2 shows a 3-fold higher adsorption equilibrium constant K and a 1.5-fold 
higher hydrolysis rate constant k2 than TfCut-1, suggesting a higher affinity to 
PET films and also a higher hydrolysis rate compared to TfCut1



Kinetic analysis of the release of terephthalate 
from PET films by TfCut1 and TfCut2from PET films by TfCut1 and TfCut2

Variable residues on the surface of 
enzyme

K
[ml/μg] k2 [nmol/cm2/h]

No. AA 28 29 64 182 186

TfCut1 As
n Val Gln Leu Arg 0.0054±0.0007 11.01±1.12

Sit t ti t i f TfC t2 t Gl 64 Al 182 d

TfCut2 As
n Val Glu Ala Lys 0.0158±0.0038 16.56±3.39

Site saturation mutagenesis of TfCut2 at Glu64, Ala182 and
Lys186



Improved PET hydrolysis activity
b TfC t2 i tby TfCut2 variants

Compared to the wild-type TfCut2 the variants Glu64Met and Glu64Ser showed
1 7 and 2 9 fold higher amo nts of terephthalate releasedo 1.7- and 2.9-fold higher amounts of terephthalate released

o 1.3- and 1.4-fold higher weight loss from PET films



Thermostability of wild‐type polyester 
h d l f th hili ti thydrolases from thermophilic actinomycetes



In silico prediction of polyester hydrolase 
thermostabilitythermostability

GROMACS molecular dynamics simulation software



Identification of flexible areas in the 
polyester hydrolase structure

flexibility of the whole enzyme (RMSD)

polyester hydrolase structure  

RMSD = Root mean square deviation



Flexibility profile of single amino acids of the 
l t h d l

flexibility profile of single amino acids (RMSF)

polyester hydrolase 
flexibility profile of single amino acids (RMSF)

RMSF = Root mean square fluctuation



Selection of mutation sites
for the polyester hydrolasefor the polyester hydrolase 

B-factor = influence of temperature, calculated from RMSF data



Selection of mutation sites
for the polyester hydrolasefor the polyester hydrolase 

SER130

B-factor = influence of temperature, calculated from RMSF data



Selection of mutation sites
for the polyester hydrolasefor the polyester hydrolase 

His208

B-factor = influence of temperature, calculated from RMSF data



Selection of mutation sites
for the polyester hydrolasefor the polyester hydrolase 

Asp176

B-factor = influence of temperature, calculated from RMSF data



In silico prediction of thermostability of 
l t h d l i tpolyester hydrolase variants

Wildtype enzyme 80°C
Variant 80°C

GROMACS molecular dynamics simulation software



Flexibility profile of the wildtype polyester 
h drolase and the ariant at 80°C

flexibility of TTX5 compared to TfCut-2 at 80 °C

hydrolase and the variant at 80°C

WildtypeWildtype
enzyme

Variant

RMSD = Root mean square deviation



High value fine chemicals from renewable
biomass c clode trinsbiomass: cyclodextrins



R bl bi t hRenewable biomass: starch



Biocatalytic starch modification: 
b h d t bi i icarbohydrate bioengineering

• Established industrial glucose and fructose 
production processes are using enzymes p p g y
for the hydrolysis of starch

• By the utilization of specific enzymaticBy the utilization of specific enzymatic
modification and synthesis reactions, 
carbohydrates with defined functionalcarbohydrates with defined functional
properties for new or improved products
and processes can be obtainedand processes can be obtained



CyclodextrinsCyc ode t s

• Naturally occurring cyclic α-1 4-glucansNaturally occurring cyclic α 1,4 glucans
• Produced by biocatalytic synthesis from

starch substratesstarch substrates
• The molecular structure of cyclodextrins

resemble a truncated cone with a 
hydrophobic cavity

• Cyclodextrins can form inclusion
complexes with guest moleculescomplexes with guest molecules



Enzymes synthesizing cyclodextrinsEnzymes synthesizing cyclodextrins

• Cyclodextrin glucanotransferase (CGTase, 
E.C. 2.4.1.19))

• Amylomaltase and D-enzyme (E.C. 
2 4 1 25)2.4.1.25)

• 1,4-α-Glucan branching enzyme (E.C. 
2 4 1 18)2.4.1.18)

• Glycogen debranching enzyme (GDE, 
E.C. 3.2.1.33)



Specificity of biocatalytic cyclodextrin
synthesissynthesis

• The size and yield of the cyclodextrins
obtained is depending on:p g
– The selected starch substrate

(branched/unbranched)(b a c ed/u b a c ed)
– The balance of the different transferase

and hydrolytic reactions catalyzed by they y y y
CGTase

– Product specificity of the CGTasep y



HPAEC elution profile of cyclic α-1,4-glucans 
produced by CGTase from Bacillus maceransproduced by CGTase from Bacillus macerans



Gamma-cyclodextrin (CD8)Ga a cyc ode t (C 8)

Dept. Microbiology & Bioprocess Technology
Universität Leipzig Germany 43



Gamma-cyclodextrin compared to the
ll l h d b t l d t ismaller alpha- and beta-cyclodextrins

• Larger internal cavity
• Accommodation of a wider range of large organicAccommodation of a wider range of large organic

compounds such as macrocycles and steroids
• more flexible structure and much higher solubility• more flexible structure and much higher solubility

in water (232 g/l, 25°C)
• Rapidly digested by human salivary amylase and• Rapidly digested by human salivary amylase and

pancreatic amylase
N l li ti i th f d d h ti l• Novel applications in the food and pharmaceutical
industries



Screening for a suitable biocatalyst: a 
G CGT f B illGamma-CGTase from Bacillus sp. 

While most natural CGTases produce cyclodextrin• While most natural CGTases produce cyclodextrin
mixtures, a few have shown a preference for CD8
formationformation

• The alkalophilic Bacillus sp. G-825-6 produces a 
CGT f i i l CDCGTase forming mainly CD8

• Target: further improvement of the product
ifi it f th CGT b it di t dspecificity of the CGTase by site-directed

mutagenesis



CGT li ti ti ICGTase cyclization reaction I

Uitehaag et al. 2000



CGTase cyclization reaction IICGTase cyclization reaction II

Uitehaag et al. 2000



Structure of the CGTase from Bacillus
i lcirculans

Uitehaag et al. 2000
Uitehaag et al. 2000



Structural features involved in 
d t ifi it f CD f tiproduct specificity for CD8 formation

• The active center of CGTases contains at least nine
glycosyl binding subsites designated as −7 through +2g y y g g g
– Loop AS 145–152 (numbering in B. circulans 251 

CGTase) at subsite −7 > only two AS in ɣ-CGTases
– Subsite −3, AS 47 and 87–94 (numbering in B. 

circulans 251 CGTase) > replaced by Threonin in ɣ-
CGTCGTases

– Loop AS 87–93 and 94 > shorter in ɣ-CGTases
Th h t t d t– The changes create more space to accommodate
CD8 synthesis



Gluco-oligosaccharide interaction with
b it 7 i th CGTsubsite -7 in three CGTases

B. circulans 251 beta‐CGTase
(Strokopytov et al. 1996)

Bacillus G‐825‐6 gamma‐CGTase
(Hirano et al. 2009)

B. circulans No. 8 Δ(145–151)D‐CGTase variant
(Parsiegla et al. 1998)

Hirano et al. Appl Microbiol Biotechnol (2006) 70: 193–201



Cyclodextrin products obtained with the wild-
t CGTtype gamma-CGTase
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Cyclodextrin products obtained with the gamma-
CGTase variant II (single mutation)CGTase variant II (single mutation)
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Change of product specificity of the
gamma-CGTase by rational design 

WT       VAR I      VAR II    VAR III



Cyclodextrins: application examplesCyc ode t s app cat o e a p es

• Food industry
St bili ti d difi ti f f d t i– Stabilization and modification of food components, i.e. 
aroma development and release, gel formation

• Pharmaceutical industryPharmaceutical industry
– improve solubility of hydrophobic compounds
– Drug delivery systems

• Nanobiotechnology
– Molecular recognition for nanoscale applications and

h isensor techniques



Marketed pharmaceutical products
t i i l d t icontaining cyclodextrins



Added value by Industrial Biotechnologyy gy

Improvement of existing production routes

Reduced consumption of chemicals, energy and p , gy
water

Lower environmental impactLower environmental impact

Increased sustainability of the production process

A t l d tAccess to novel products

Creation of new value chains with innovative 
products and processes
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Site‐directed mutagenesis of amino acids at the surface of 
a cutinase from T. cellulosilytica (Thc_Cut2)

Mutants Arg29Asn and/or Ala30Val showed a higher specific activity and higher 
kcat/KM values on soluble substrates. Exchange of the positively charged arginine 
(Arg19 and Arg29) located on the enzyme surface to the non‐charged serine and 
asparagine strongly increased the hydrolysis activity for PET. 
Herrero Acero et al. Biotechnology and Bioengineering 2013gy g g



Complete genome of Thermobifida fusca YX

From outside to inside, the 
first two circles represent the 
assignment for predicted 
coding sequences on the plus 
and minus strandsand minus strands, 
respectively. The two 
innermost circles represent the 
percent G+C content and G+C 
skew values, respectively. 

Lykidis A et al. J. Bacteriol. 2007;189:2477-2486



Digital inkjet-textile printingg j p g



Effect of temperature on PET nanoparticle hydrolysis 
catalyzed by TfCut 1 (solid line) and by TfCut 2 (dashedcatalyzed by TfCut‐1 (solid line) and by TfCut‐2 (dashed 

line) from T. fusca 



Change of the product specifity of the
CGTase b rational protein designCGTase by rational protein design



Amylose structureAmylose structure



Cyclodextrins as gene delivery vectorsCyc ode t s as ge e de e y ecto s

• Synthetic vectors for delivery of DNA, 
RNA l tid t llRNA or nucleotides to cells

• Amphiphilic polycationic CD 
derivatives self-assemble into 
nanoparticles

• Formation of complexes with DNA 
which efficiently transfect cellsy

Dept. Microbiology & Bioprocess Technology
Universität Leipzig Germany 65



Cyclodextrin receptors in transducers for 
h i l i d ichemical sensing devices

• Gas sensing electrodes modified 
with cyclodextrins

• Microcantilevers withMicrocantilevers with 
cyclodextrinsreceptors
Q t t l i b l• Quartz crystal microbalance 
(QCM) devices coated with 
cyclodextrins



Molecular imprinted polymers: use of
cyclodextrins in molecular recognition reactionscyclodextrins in molecular recognition reactions

• Cyclodextrins display controllable receptor structures for
molecular recognition processes

• The design of selective receptors for guest molecules of
different sizes is feasible
Molecular imprinted polymers with cyclodextrins as receptors• Molecular imprinted polymers with cyclodextrins as receptors
for steroids and peptides have already been realized

• Applications
– Sensors and assay systems
– Polymers with controlled release properties

Separation processes: capillary electrophoresis gas– Separation processes: capillary electrophoresis, gas 
chromotography

Dept. Microbiology & Bioprocess Technology
Universität Leipzig Germany 67



Product value and functionalityy



Solvent process for
l d t i d tigamma-cyclodextrin production

Schmid 1996Schmid 1996



Cyclodextrin products obtained with the gamma-
CGTase variant III (double mutation at sites 1 and(

2)
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Cyclodextrin products obtained with the gamma-
CGTase variant I (single mutation)CGTase variant I (single mutation)
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Comparison of amino acid residues
i t t f th li ti tiimportant for the cyclization reaction

AS in the catalytic triad in bold


