Synthetic biology and the race to new biofuels
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U.S. Energy Flow, 2004 (Quads)

» Transportation accounts for ~ 28% of energy use (22% globally).
» Transportation accounts for 27% of global carbon emissions.

» Most transportation energy is from petroleum fuels.
* A lot of US petroleum is imported (~60%).
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Drivers for sustainable fuels:

» Security of supply &
energy diversification

 Climate change




Biofuels are renewable
(solar energy is stored in the biomass).




To the extent that fossil fuels are not used in their
production, biofuels are carbon-neutral: the emitted CO: gets
taken up again by the biomass.




For the whole system, energy output should be greater
than all the inputs
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Corn ethanol creates more problems than it solves

72% starch
10% cellulose/hemicellulose

. 9% protein glucose

4% oil s .

B .. 4% other J L %

Brewer's yeast
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Corn ethanol creates more problems than it solves
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Corn ethanol creates more problems than it solves
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Cellulosic feedstocks can be available on a large scale

«  Short term
— Wood, corn stover, rice straw, 1 year’'s growth Wﬂhqm replanting

bagasse, corn fiber
= Longer term

— High yield dedicated energy
crops (switchgrass,
miscanthus, willow, etc.
10-30 tons/acre)
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Bromass as Fae:lﬂnck tor a

Bioeneragy and Bioproducts Industry:
'. Thu rmmmrmmm ofa

DOE and USDA estimate that

1.3 billion tons/year of cellulosic
biomass could be made available




Energy content of 1.3 x 10° tons:

=1.9x10%'%J
= 3.2 x 10° BOE (barrel of oil equivalent)

(cf. US consumption of ~7 x 10° barrels of oil/year)

Biomass as Feedstock for a
Bioenergy and Bioproducts Industry:
The Technical Feasibility of a
Biflion-Ton Annual Supply

]

Substance Energy Density (MJ/kg)
H, 141.8
Crude 0Oil 4
Coal 30-40
Sugar cane 16
Wood 16
Ethanol 28
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How efficient is biomass at collecting/storing the
solar energy?

Time averaged insolation in mid-
latitudes, averaged over the year

(day/night) and weather patterns, is

200 W/m2 = 2.5 x 103 J/acre-year.
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If (cellulosic) crop yield is 20
tons/acre-year, the energy
content is ~ 2.9 x 10" J/acre-
year.

2.9 x 10™
2.5x 10"

= 0.012 (1.2%)

If crop yield is only 5
tons (corn), efficiency
drops to 0.29%.



Good news:
There's a lot of energy stored in biomass.

Bad news:

The photosynthetic efficiency of converting sunlight into
biomass is low.

Land requirement is very large.

And...



...biomass is not useful
for powering cars. |t
needs to be converted

to a useful form (with
further energy loss).
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What's so hard about converting biomass to fuel?
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These produce usable sugars:

~45% Cellulose
~25% Hemicellulose
~25% Lignin

~ 5% Other

_ e
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Lignin

Somerville et al. Science 306:2206 (2004)



Cellulose is ‘recalcitrant’ because it is physically
inaccessible
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Cellulose utilization requires additional processing steps ($3)

- H CELLULOSIC
EEEDSTOCK moath b e, TECHNOLOGY

EIOMASS

{e.g., corn stover,
switchgrass)

STARCH
{e.g., corn,
wheat, rice)
ENZYMES
..g Iucﬂa mylasa
SUGAR

(e.g., cane juice}

FERMENTATION
yeast

ETHANOL
(blend, E83)




Do we really want ethanol?

Low fuel quality

— Lower energy content than gasoline (poor
mileage)

— Problematic when takes up water (e.g., in
pipelines, storage tanks); high vapor pressure

— Can only blend up to c. 10% with gasoline
without engine modification




What alternatives are there?

 Biodiesel (not made from lignocellulosics)
» Hydrocarbons
technology not demonstrated yet
* Butanol
butanol has been made by fermentation for 90 years;

we can do more and better now

(“Ethanol Is Not The Only Green In Town", Business Week, April 30)



Ethanol Butanol

High water content Low water content
Low energy content High energy content
Gasoline Ethanol Butanol

Energy content

(BTU/ gallon) 115 K 84 K 110 K

« Butanol can be distributed in existing pipelines, storage
tanks (not hygroscopic; non-corrosive)

« Butanol burns cleanly in unmodified gasoline engines

» Butanol can be blended with gasoline at any ratio

» Good intermediate to other fuels and chemicals



Brief history of butanol

1916: Industrial ABE (Acetone, Butanol, Ethanol) fermentation process
uses Clostridium acetobutylicum to produce acetone from starch
(Chaim Weizmann patent)

1927: Butanol recognized as good motor fuel, solvent

1930’s: Large ABE fermentation plants produce butanol from molasses

1950’s: Petroleum refining becomes more economical source of
chemical & fuel feedstocks than molasses fermentation

1960’s: Closure of Western molasses ABE fermentation plants
Soviet agricultural waste fermentation plants continue operation,
as do plants in South Africa

1980’s: Soviet and South African plants close

-
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2000’s: High fossil fuel costs rekindle
interest in butanol
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The dream...

]
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Microbes = chemical factories




The dream...

Microbes = chemical factories




The reality for butanol
with the old processes
and organisms...

"
e

Microbes = microbe factories

\
& 4 /
Product is a mixture (acetone and \ \

ethanol are produced along with
butanol) and yields are low



A series of enzymes catalyzes

the multi-step conversion of sugar
to butanol inside the bacterium
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A series of enzymes catalyzes

the multi-step conversion of sugar
to butanol inside the bacterium

[

M
I
i L. L
L R
Ell'l\-\\“\.;!_._é/’f'f‘:lH
A

Glucos
e

.-""--‘H .ﬂ"'-fHﬂ

OH



A series of enzymes catalyzes

the multi-step conversion of sugar
to butanol inside the bacterium
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A series of enzymes catalyzes

the multi-step conversion of sugar
to butanol inside the bacterium
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Pyruvate is an intermediate common to ethanol and
butanol production. Butanol requires many more steps,

and its CoA intermediates limit the flux.
o
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Can we engineer a new, more efficient pathway to butanol?

0

o

O

Pyruvate N
, CO
COse— z ‘-.,k

Acetyl CoA—— Acetaldehyde RN

/ ADH\
/ Ethanol R

> > » Butanol

/




Jim Liao (UCLA): make isobutanol (branched-chain isomer)
via the valine pathway with only two added enzymes
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Jim Liao (UCLA): make isobutanol (branched-chain isomer)
via the valine pathway with only two added enzymes

—CO;

Pyruvate | — «a-keto-isovalerate

- ,CO,

PDC
Acetaldehyde Isobutyraldehyde

ADH\ ADH \
0.37

2x46/180
=0.51 g/g

0.30
adjusted
yield

Ethanol

KDC

Isobutanol adjusted
yield

CeH1206 — Cﬂ"gggg
+
2
+ H,0

Max Yield =74/180=0.41 g/g gucose




What organism?
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The Escheﬁchfa coli ‘chassis
(we think we understand how this one is programmed)



...all of it encoded in DNA:

...AATAGCCGTTATTTCCGGATG
TGCATAGCTGATTTGACCCATCC
GGTACACCAATGGGTCGGACAA
ATCCCGATTTGATCGTGTGCGC
GACATGTCTTCCGGCGACACAT
GTGTCTCTCACTCCGAGAGATC
GGTTAGAGTCTCGGTTAACCAC
ACGTCCCGGATATATTTAATTGG
CCGGAGAGTCTCCCGCGCGACA
TAAGGAGTCCTCGTTTCGAGAT
ACGTACGGCATGGTGACACCAG
TTGCCCTCTGATTCCCGGAGCC
TCTTTGAAAACGTCGAGTCGAAT
CGAAGTTCGAACCCCGGATCGG
GTCCACCAACTTAGAGATGTGT
GTGCGCTGACTCAGTCAT...



Synthesizing DNA used to be
expensive and error-prone

...AATAGCCGTTATTTCCGGATG
TGCATAGCTGATTTGACCCATCC
GGT...

REMGOR AL



...AATAGCCGTTATTTCCGGAT
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Massively
parallel DNA
synthesis

De novo synthesis of desired
parts, to > 100,000 base pairs

FCGGSLINSOWVVSAAHC

WLELGGSLLNANTYLTAAHLC
LECGGYLVAEOWVYLSAA




Programming E. coli to produce butanol

glucose

:

v
2 pyruvate

I\' CO2

ZNADH

ilviH l

Acetolactate

ive NADPH

2,3-dihydroxy-isovalerate
i

New genes
(enzymes)

ilvD

Atsumi et al. Nature, in press
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Programming E. coli to produce butanol

glucose e l
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ive NADPH
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Atsumi et al. Nature, in press
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Optimization of the new isobutanol pathway in E. coli

glucose L l
I Acetolactate
ive NADPH
I 2,3-dihydroxy-isovalerate
| .
iivD #
2-keto-isovalerate
I 2NADH l\ KDC
CO2
\ 4 isobutyraldehyde
2 pyruvate NADH
|\l CO?2 ADH
Isobutanol

Atsumi et al. Nature, in press



Optimization of the new isobutanol pathway in E. coli
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Optimization of the new isobutanol pathway in E. coli

glucose

Knocked out
competing

RAFEYS 2NADH

A
+®- 2 pyruvate

1_@_ |\‘ CO2

Atsumi et al. Nature, in press
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2,3-dihydroxy-isovalerate -~ new genes
I .
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2-keto-isovalerate —®—>
l\ KDC
CO2
isobutyraldehyde
NADH

ADH
Isobutanol

20 g/L and 86% of theoretical yield



Can we make a microbe that produces
butanol directly from cellulose?

T Now we have to add cellulose
e degradation capability.
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Complex molecular machines break down cellulose
(white rot fungi figured it out, so did termites and many bacteria...)
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1/4 inch Milled Poplar







Cellulose degradation involves the simultaneous and
synergistic action of multiple enzymes

g0 00 0

¢ Non-reduced ends
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Endoglucanases cut @@= Cellobiohydrolase I
the chains in
amorphous regions Cellobiohydrolase IT

o  Reduced ends
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Cellulose degradation involves the simultaneous and
synergistic action of multiple enzymes
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Cellulose degradation involves the simultaneous and
synergistic action of multiple enzymes

e a & 0 &

e Non-reduced ends

Crystalline : Amorphous

é

Endoglucanases cut “&- Cellobiohydrolase 1

the chains in
amorphous regions Cellobiohydrolase IT

o  Reduced ends



Cellulose degradation involves the simultaneous and
synergistic action of multiple enzymes

O (o} o % . .
09%% Glucose g’fq";; Cellobiose 9??3 Cello-oligosaccharides

Endoglucanase ‘ﬁ

Cellobiohydrolases cut off
@ B-Glucosidase glucose dimers (cellobiose)
cuts cellobiose



In some organisms all these components are
assembled into ‘cellulosomes’ on the cell surface

Enzymes

234232
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Annu. Rev. Microbiol. 2004.58:521-554



Caltech/UCLA synthetic biology challenge:

Construct a microbe that converts cellulose to a better biofuel

0 Genes removed
—> Synthetic pathways

(genes added)
i Engineered cellulases

Re-programmed cell

1-Butanol <1 <—¢-
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Intermediates and products feed back to regulate
fluxes; multiple pathways interconnect




Bacteria as little programmable robots

Sensors (inputs)
Temperature  Chemicals

Light Touch
Remote control Communication

Actuators (outputs)
Motility
Secretion Self-organization
Chemical production




Bacteria as little programmable robots

Sensors (inputs) Circuits
Temperature  Chemicals Signal processing
Light Touch Logic gates
Remote control Communication Dynamic Contral Memory

Actuators (outputs)
Motility
Secretion Self-organization
Chemical production




Integrated gene-metabolic circuits




Integrated gene-metabolic circuits
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Integrated gene-metabolic circuits
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assembled, 822 parts are specified and may or may not ever become available. The database contains a tofal of 2056 part enkries.

Part Types
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...AATAGCCGTTATTTCC

We can insert new code into cells, and they will ‘read’ it... E

.
But...we often don’t know what to write. :

7
(DNA sequence —» behavior) hT

ETFTK'I'I'I'FETI‘G_G_C_C%

GAGAGTCTCCCGCGCG
ACATAAGGAGTCCTCG
TTTCGAGATACGTACG
GCATGGTGACACCAGT
TGCCCTCTGATTCCCG
GAGCCTCTTTGAAAAC
GTCGAGTCGAATCGAA
GTTCGAACCCCGGATC
GGGTCCACCAACTTAG
AGATGTGTGTGCGCTG
ACTCAGTCAT...




IgNobel abstract: clear summary that anyone can
understand, in seven words or less

(E. Lander) Human Genome Project:

Genome. Bought the book. Hard to read.
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(F. Arnold) Synthetic Biology

Genome. Great story! Hard to write...
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Get a good editor!




N 4 / ' & 4 !
L SR N B MR N
i Wl b
Biology is massively parallel:
\ - billions of these in 1/1000th of a
Py . ’ liter.
\ N\ \ Sometimes we can even set it
— ' st ' up so that the one that solves
the problem gets to reproduce
' (‘directed evolution’).
- -
W : The best editor: evolution
= -




Biological optimization by directed evolution:
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Evolved pathway
(cells behave as
desired)




Biological optimization by directed evolution:
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Easy mapping from code (DNA) to function (cells do the
work and remember the answer).

One design algorithm for all levels of biological complexity!

Biology is unique among engineered systems for its
capacity

to evolve and for the ease with which evolution can be

exploited for forward engineering.
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Jim Liao (UCLA)

Pete Heinzelman
Kevin Boulware




	Slide01.tif
	Slide02.tif
	Slide03.tif
	Slide04.tif
	Slide05.tif
	Slide06.tif
	Slide07.tif
	Slide08.tif
	Slide09.tif
	Slide10.tif
	Slide11.tif
	Slide12.tif
	Slide13.tif
	Slide14.tif
	Slide15.tif
	Slide16.tif
	Slide17.tif
	Slide18.tif
	Slide19.tif
	Slide20.tif
	Slide21.tif
	Slide22.tif
	Slide23.tif
	Slide24.tif
	Slide25.tif
	Slide26.tif
	Slide27.tif
	Slide28.tif
	Slide29.tif
	Slide30.tif
	Slide31.tif
	Slide32.tif
	Slide33.tif
	Slide34.tif
	Slide35.tif
	Slide36.tif
	Slide37.tif
	Slide38.tif
	Slide39.tif
	Slide40.tif
	Slide41.tif
	Slide42.tif
	Slide43.tif
	Slide44.tif
	Slide45.tif
	Slide46.tif
	Slide47.tif
	Slide48.tif
	Slide49.tif
	Slide50.tif
	Slide51.tif
	Slide52.tif
	Slide53.tif
	Slide54.tif
	Slide55.tif
	Slide56.tif
	Slide57.tif
	Slide58.tif
	Slide59.tif
	Slide60.tif
	Slide61.tif
	Slide62.tif
	Slide63.tif
	Slide64.tif
	Slide65.tif
	Slide66.tif
	Slide67.tif
	Slide68.tif
	Slide69.tif
	Slide70.tif
	Slide71.tif
	Slide72.tif
	Slide73.tif
	Slide74.tif

