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NCSU Biomass Vision - Lignocellulose
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Vision for Oil Crops
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Motivation

» Global glycerol production: 750,000 tons/
year

— 90% from non-synthetic sources
— Supply outpaces demand
— Projected 6-fold overproduction by 2020

- Crude glycerin: USD $0.09/lb e rumee
» Technical glycerin: USD $0.50/Ib 4

Tobacco

 Can be a chemical feedstock =

Cellophane -
2%

Other'
1%

Food
25%
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Glycerol Chemistries

(@)

- INUOH —

glycidol

polyglycidol
—»- new hyperbranched systems

dendrimers

glycerol carbonate
ethers and esters

catalysis alcohols

coatings
polymers (o]
gas separation p )ko
solvents -
cosmetics \—k,OH
personal care
detergents glycerol carbonate

representative glycerol derivative family

> Glycerol carbonate (USD $260/Ib)

triglycerides ——— HO/Y\OH =

OH
q
fuel applications
. gasoline,
gasoline fuel blend <—— compatibilizer
fuel oxygenate <—tBU-O/Y\0'tBU M
O-tBu
T — AcO/Y\O AR esterification
OAc
i . asification
Mo ~——  COM, | S2Sctn |

Source: Bozell 2011

TEMPO

catalytic
oxidation

|

catalytic
oxidation

|

selective
esterification

|

selective
reduction

|

dehydration

|

dehydration

dehydration

|

chlorination

|

diesters

|

HOOC._COOH

Y

OH

HO”~COOH
o)

Ho\)LC 60M
HO " oH
OR

OH

HO Y™

0

CH,0, CH,CHO
Z CHO

o
I chel

highly branched
polymers

——
—_—
—
——
—
——
—_—
—
—
B —

= "COOH

new polyesters, nylons

PLA analogs

PLA analogs

highly branched
polymers

ethylene, propylene glycol
commeodity chemicals

acetol
chemical intermediate

formaldehyde,
acetaldehyde
chemical intermediates

acrolein
chemical intermediate

epichlorohydrin
commodity chemicals

new biobased polymers



_
Lipase Catalyzed Reaction

O

0 OH Q
r. . oH -0
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Rg R * HO Ao 0 on J OH + 2R-OH
dialkyl glycerol HO glycerol carbonate

carbonate

« After testing a number
of lipases, Candida
antarctica Lipase B
(Novozym 435) was
found to most
effectively produce
glycerol carbonate.
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Techno -economic hurdles

« Selectivity?
» Rapid kinetics?
* Robust catalyst?

* Inexpensive catalyst/process?




Effect of dialkyl/diaryl carbonate choice on

glycerol conversion
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80 20 mmoles
glycerol
60 —mi
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Carbonate

- Diethyl Carbonate 5 mL tert-butanol

——=Dibutyl Carbonate and 0.1 g CalB

% Glycerol Conversion

Run at 50°C with
stir rate of 350
0 5 10 15 20 25 RPM

Time (h)
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Effect of DMC to glycerol molar ratio
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5 mL total reaction volume 0.02 g CalB, 4 mmoles glycerol, varied DMC (4,
8, 12, 20, 40 mmoles), 60°C, shaken at 250 RPM
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Effect of DMC to glycerol molar ratio on
glycerol carbonate selectivity

% GC Selectivity

100

80

(o))
o

N
o

20

4 8 12 16
Time (hours)
=+=1:1 21 3:1 =51

20

==10:1

24

* 5 mL total

reaction
volume

- 0.02gCalB, 4

mmoles
glycerol,
varied DMC (4,
8,12, 20, 40
mmoles),

« 60°C, shaken

at 250 RPM
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Where is the glycerol carbonate?
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Effect of lipase loading on glycerol

% Conversion of Glycerol
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« 20 mmoles glycerol, 40
mmoles DMC, 5 mL
tert-butanol,

« 50°C, 350 RPM stir
rate.

« Lipase loading varied
from 1% to 10%
glycerol weight (0.02
and 0.2 g,
respectively)
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Comparison of enzymatic routes to glycerol
carbonate synthesis

% Glycerol |% Product | Conditions
Conversion | Selectivity

This study L] >95 50°C, 12 hours, 2:1 DMC to glycerol, tert-
butanol, 5% CalB loading (w/w glycerol)

94 94 60°C, 30 hours, 1:1 DMC to glycerol, THF, 55%
CalB loading (w/w glycerol)

90 >90 70°C, 48hours, 10:1 DMC to glycerol, glycerol
coated on silica gel; 5-20% CalB loading (w/w
glycerol)

Tudorache £ 80.3 60°C, 4 hours, 10:1 DMC to glycerol, 12% Asp.

niger lipase (w/w glycerol)

Tudorache [EXKES 85 60°C, 6 hours, 10:1 DMC to glycerol, 2-8% Asp.
niger lipase (w/w glycerol) immobilized on
magnetic particles

15
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Techno-economic scorecard

» Selectivity: >95%

* Rapid kinetics: 12 hours = not yet; try
packed bed (engineering approach)

* Robust catalyst?

* Inexpensive catalyst/process?

16
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Packed Bed reaction system
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Packed Bed Reactor
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Effect of temperature on glycerol conversion and
prodggct selectivity towards glycerol carbonate
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Effect of increased methanol (v/v glycerol)

in glycerol feedstock
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Techno-economic scorecard

» Selectivity: >95%
» Rapid kinetics: 4 min, > 85%, continuous

* Robust catalyst: methanol sensitive — try
mutagenesis or new enzyme

* Inexpensive: unexplored — consider
methods to minimize enzyme purification

21
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Mutagenesis to improve enzyme performance

Isolate
CalB Transform

gene via into gl
PCR E. coli @

3

: | i Express
Signal peptide &7 - and purify

from E. coli

lipase

(pelB, DsbA, DsbC) Site-directed
mutagenesis

5’ 2 3! [ .
Molecular modeling - Activity testing

Identify key residues |

22
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Functional Expression of CalB in E. coli
* |solated CalB gene from

wild type (ATCC 34888)

- Inserted into pET-22b(+)
vector

\ u 1114
\ - (1128)
% .'|.'||.|l
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2|l (1323)
L li1328)
PET-22b(+) 5 ||k
(5403bp) =3
= [JBssH lkss2s)
/L 1520)
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\
AbwN li2e21) 9
3
9)))

BspLU11 lz213) 7»\
Sap hacss) h

Tr— _
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_
Signal Sequences

* Three signhal sequence genes were
separately co-inserted with the lipase gene
— pelB, DsbA, and DsbC

T7 promoter primer #69348-3

Bglll T7 promoter > lac operator Xbal rbs

AGATCTCGATCCCGL GAAAT TAATACGACTCACTATAGGGGAAT TEGTCAGCGGATAACAATTCCCCTCTAGAAATAATTTTIGTTTAACTT TAAGAAGGAGA
BspM | Msc| Ncol
Nde | BspM | pelB leader veet BamH| FEcoR| Sacl
TATACATATGAAATACCTGLTGCCGACCGCTGC TGCTGETCTGCTGCTCCTCGCTGCCCAGCCGECCATCECCATGEATATCGGAATTAAT TCGEATCCGAATTCGAGCTCC
MetLysTyrLeuLeuProThrAlaAloAlaGlyleuleuleuleuvAlaAlaGlinProAlaMetAligMetAspl leGlyl leAsnSerAspProAsnSerSerSer
Eagl Aval* . signal peptidase
Sall _Hind Il _ Not| Xho | His*Tag Bpul1021
o4 THIX A A bl -
GTCGACAAGCT TGCGGCCGCAC TCCAGCACCACCACCACCACCACTGAGATCCCELTGLTAACAAAGCCCCAAAGCAACGCTEAGTTGGLTGCTGCCACCGE TCGAGCAATAAC
ValAspLyslLeuAlaAlaAlaleuGluHIsHIsHIsHIsHIsHI sEnd

44—
T7 terminator T7 terminator primer #69337-3

TAGCATAACCCCTTGGGGCCTCTAAACGGGTCT TGAGGGGTTTTTTIG

PET-22b(+) cloning/expression region

24
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Site Directed Mutagenesis

Mutagenic
primer

5" 3'

3" 5'
Limited ﬁ‘n oooooo
first flanking primer

\4
70 N—
rrrrrrrrrrrrrrr (megaprimer) A\
ddddddddd
flanking primer
5|+ Y 3!
3! 5'
4/;
Megaprimer
SSSSSSSS Rl
5" /\ 3'
3! /. 5

cccccccccccccccc

ttttttttttt

| (Tyagi, 2004)

Mutations:

Manipulation of active site
size:

- Leu278 —>Ala, Val, Gly, or Trp
- Trp104 ->Phe or Leu
Entrance to pocket:

- Asp223 > Asn

- Glu188 =2>GlIn

- 1le189 —>Ala

Charge surrounding active
site:
- Thr103 > GlyD223NF

25
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A better catalyst?

Methanol effects
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Yang, K. S. et al. J Biosci Bioeng 2009, 107, 599-604.

26



NC STATE UNIVERSITY _
Inexpensive enzymes?

* Enzyme utilization options

— Cell-free (in vitro)
 Protein solution
* Immobilized
— Cellular systems (in vivo)
« Excretion/metabolism (fermentation)
 Cellular display (surface display, SD)

« Surface display advantages:
— No protein purification required
— Higher surface:volume ratio than macroscopic supports
— Tunable surface coverage

27
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Surface Display

a-Agglutinin (Aga)
« Dimeric mating protein
« Covalently attached

Flo1

» Endogenous flocculation
protein

» Displays proteins from N-
terminus

* Non-covalent attachment

28
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Surface Display

* Proteins for display:
— M37L

* Methanol resistant
* Low active temperature
« Codon-optimized for yeast

— CalB

 Well-characterized
* Proven effective

¥ < . /“{’/‘/‘—’ ,J/;;-‘s_p 5 7
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‘AW [/ A

\ B2 TS L © LN

\ , .\\"ﬁ\\f
) RN \\l

.
i

1

29

Uppenberg, J. et al. Biochemistry (N. Y. ) 1995, 34, 16838-16851.
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Approach

Transform (single enzyme)
E. coli Transform S cerevisiae 3
\

v, j;?&@
N s

(multiple eniymes)

construct

Screen

apni)

L
JAs|ejesolg

0
Small scale

Batch mode
Optimization
Characterization

)k Scale-up
oo —
» Reactor design
HO\)_/ « Enzyme
development
* Modeling

Transform
filamentous

sp.

30
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Plasmid Construction

0426 GAL1

Gal Promoter Aga2 Fusion
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Methods

 Transform E. coli DH5a, S. cerevisiae MT8-1
— Bacteria used to produce, store plasmid
— Yeast used for protein expression

* Induce enzyme production with galactose
* Yeast can be used directly or lyophilized

« Assay for lipase activity, measure expression
— p-Nitrophenol assay in aqueous buffer
— Epitope tags with immuno-fluorescent labels

« Select productive cells

32
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Selection: Flow Cytometry
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Initial Results

Single enzyme vs Enzyme/fluorophore

104

11 Rr12

R3 -
. TR R4

103_

ALEXA B33 Log
=
1

10

« Expressed in 50-60% of pop. e _mz

« Codon optimization improved M37L
« Lower-than-expected expression

« Single epitope tag used

34
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Initial Results

1034
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Initial Results

« Esterase assays - lyophilized cells

Time (min)

pPNP Assay Progression
5.0 1
4.5 0.9
- 40 0.8
=
°
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£ 30 - - 0.6
8
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> .
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=
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o
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Techno-economic scorecard

» Selectivity: >95%
» Rapid kinetics: 4 min, > 85%, continuous

* Robust catalyst: mutagenesis results in process,
evaluating M37L -

* |nexpensive catalyst/process: surface display is
promising = ?

« Glycerol carbonate is possibly an
economically viable product !

37
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Oils and Fats

Transesterification

Biodiesel Phase

Glycerol

Purification Phase

and QC

Removal of

soap, FFA,

Clean water, and
Biodiesel methanol.

Crude Glycerol

Dimethyl
Carbonate and
Tert-butanol

Immobilized 51 XX

Product Purification

Molecular sieves to
remove methanol,

recovery of DMC and tert-

Butanol

Glycerol
Carbonate
O
o)l\o
o
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Take home concepts!

O

 Biomaterials are complex —even the L

O O

simple ones o 7
« Complexity requires multiple approaches

 |n addition to macro-scale approaches
(reactor design, etc), molecular level tools
will often be appropriate, including
molecular biology! Learn many
techniques!

* |s biomaterial the primary product?
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Muchas
gracias!
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