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President Harry S. Truman Fellowship in

National Security Science and Engineering

= Three-year Truman Fellowship allows creativity and stimulates exploration of
forefront science and technology and high-risk, potentially high-value R&D in
research areas of importance to Sandia—at either Livermore, CA or Albuquerque,
NM sites

= (Candidate requirements:

= Solved a major scientific or engineering problem or provided a new approach to a major
problem, as evidenced by a recognized impact in their field

= Must be within 3 years of receiving their PhD and be seeking their first national laboratory
appointment (pre postdoc internship excluded)

= 3.5 undergraduate and 3.7 graduate GPA preferred
= Must be a US citizen

= $111,200 starting salary, plus benefits and additional funding for research
= Application deadline: November 1, yearly

= Selection in March for Fall start

= http://www.sandia.gov/careers/fellowships.html#truman
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Energy Security Lufre

= Energy impacts U.S. economy
= Department of Defense relies on petroleum for approximately 77% of

i 1
its energy needs T | From YouTube/Amaa

Baghdad, , Iraq 5

=  Threats to energy security:
= Political instability of oil producing
countries

= Manipulation or attacks on energy
supply DEVELOPING STORY

. ISIS LAUNCHES ASSAULT ON BAIJI OIL REFINERY
- 1973 Arab oil embargo _

= Algerian oil field attacked (2013)
= |SIS attack on Iraq oil refinery (2015)

= Accidents or natural disasters
= BP Deepwater Horizon oil spill (2010)
= Hurricane Katrina (2005)

= |ncreasing demand, finite supply
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A Look Back at the

U.S. Department of Energy’s
Aquatic Species Program:
Biodiesel from Algae

Cyanobacteria. This group 1s prokaryotic, and therefore very different from all
other groups of microalgae. They contain no nucleus, no chloroplasts, and have
a different gene structure. There are approximately 2,000 species of
cyanobacteria, which occur in many habitats. Although this group 1s
distinguished by having members that can assimilate atmospheric N (thus
elimiating the need to provide fixed N to the cells), no member of this class
produces significant quantities of storage lipid; therefore, this group was not

deemed useful to the ASP.
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Why Cyanobacteria? rh) i

Advantages of Cyanobacteria for Fuel Production

Desirable strain traits
= Easily transformed

= Homologous recombination — targeted genome
integration

= Established genetic tools
= Fast growth rates and strain robustness
Process design advantages
= Product excretion enables continuous production
= Biomass harvesting not required

= Lower nutrient requirements (N&P)

Paradigm shift in algal biofuels from lipid productivity to
biomass productivity.




Sandia
m National
Laboratories

Overview

= Engineering cyanobacterial production of a biodiesel precursor

= Biofuel toxicity and potential solutions

= Development of a cyanobacterial chassis




Target Fuel: Free Fatty Acids (FFA) ) i

Desirable Product Characteristics 0O

= Photoautotrophic growth HO)J\/\/\/\/\/\/\/\

= Naturally produced biomolecule FFA: hexadecanoic acid

= High energy density

. . FFA
= Natural fuel excretion/secretion? A
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Genetic Engineering of Cyanobacteria to Produce FFA [z,

FFA
Synechococcus elongatus PCC 7942 ry
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7942: wild type; SEO1: Aaas; SE02: Aaas, ‘tesA; SE03: Aaas, fat1; SE04: Aaas, fat1, rbcLS; SE05: Aaas, fat1, rbcLS, accBCDA

aas — acyl-ACP synthetase / long-chain-fatty-acid CoA ligase
‘tesA — truncated thioesterase from Escherichia coli

fat1 — acyl-ACP thioesterase from Chlamydomonas reinhardtii
rbcLS — native RuBisCO

= accBCDA — multi-subunit acetyl-CoA carboxylase from C. reinhardltii (chloroplast associated) =




FFA Production in Engineered 7942 Strains ™ e

Excreted FFA

*° = All engineered strains produce and

excrete FFA
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=  Without thioesterase expression, FFA
only accumulate during stationary
phase
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= Despite targeting rate-limiting steps,
the rate of FFA production is not
improved
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= Primarily C16 and C18 saturated and
monounsaturated FFA are produced
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= Both thioesterases (E. coli and C.
reinhardtii) produce similar chemical
profiles for excreted FFA 0

w

m 7942: wild type; SEO1: Aaas; SEQ2: Aaas, ‘tesA; SEO03: Aaas, fai1; SEO04: Aaas, fat1, rbcLS; SEQ5: Aaas, fat1, rbcLS, accBCDA 1 =




Does Increasing Gene Expression Improve FFA ) e,

Production?

seos By - 6

Laboratories
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Does Increasing Gene Expression Improve FFA

_—w accB { accC H accD {

Production?

SE05 —

SEO7 T
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Overview

= Engineering cyanobacterial production of a biodiesel precursor

= Demonstrated proof-of-concept

= What is limiting FFA production in 79427

= Biofuel toxicity and potential solutions

= Development of a cyanobacterial chassis
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Physiological Effects: Growth, Stress, and Cell Death () i

Oxidative Stress

= Final cell concentration reduced by more lgg 4 o790
than 80% in SEO5 and SEOQ7 50 | -#-SE01
——SEQ2

~
o o
I 1

=  FFA-producing strains have elevated levels of
reactive oxygen species (ROS) and increased
cell death / membrane permeability
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7942: wild type; SEO01: Aaas; SE02: Aaas, tesA; SEO3: Aaas, fat1, SE04: Aaas, fat1, rbcLS;
m SEO05: Aaas, fat1, rbcLS, accBCDA ; SEO6: Aaas, Fatl, P g, rbcLS; SEQ7: Aaas, Fat1, Pyga rbcLS, Py, accBC Py, aCCDA




Photosynthetic Effects ) i,

Laboratories

0.6 - Photosynthetic Yield |
* Photosynthetic yield drops to zero in FFA- *1 ot B e e

producing strains 05 ~a-SEO4 —-&-SEQ5 --SE06 -¥-SEO7

L. 0.4 3
= Bulk absorbance measurements indicate a

selective degradation of chlorophyll-a pigment $o3

0.2
= Hyperspectral confocal fluorescence microscopy

shows photosynthetic pigments are aggregating
at the cell poles in the engineered strain SE02 ‘ - - = i
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Possible Mechanisms of FFA Effects i) it

Thylakoid Membrane Composition

Mechanism 1: Engineered strains have altered 80
membrane composition

W 7942
m SE02
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®" |ncreased levels of saturated FA and lower
levels of polyunsaturated FA in thylakoid
membranes
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Mechanism 2: FFA toxicity
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Can S. elongatus 7942 be engineered to overcome (g s,
these effects?

RNA-seq to identify genetic response to FFA
production

= 3strains: 7942, SEO1, SE02

mg FFA/g DCW

= 2 time points: day 4, day 10

= 3 biological replicates

Differential gene expression comparisons:
T e | rignee [
A SEO1, day 4 SE02, day 4 60 -
B 7942, day 4 SE02, day 4
C 7942,day 10  SEO1, day 10 20 |
D
E
F

50 +

FFA (mg/L)
£

7942,day 10  SE02, day 10 2 |
SE01, day4  SEO1, day 10 0
SE02, day4  SE02, day 10

Time (days)

7942: wild type; SEO1: Aaas; SE02: Aaas, tesA
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RNA-seq Analysis of FFA-Producing Cyanobacteria (@ =

Up-Regulated Genes (150)

Photosynthesis
6%

Stress

Response Electron
A Transport 4%

Carbon
Metabolism 4%

Nitrogen
Metabolism 4%

Protein
Hypothetical Biosynthesis &
Proteins 43% Processing 5%
Nucleotide

Biosynthesis &
Regulatory Metabolism 4%
Proteins 2%

Cell Wall
Biosynthesis 4%

Transporters
7%

Differential Gene Expression: Fold change > 2, p-value < 0.05.
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RNA-seq Analysis of FFA-Producing Cyanobacteria

Down-Regulated Genes (204)

Stress Response

4% Photosynthesis
0

4% Electron
Transport 4%  Carbon
Metabolism 6%

Nitrogen

Metabolism 1% Protein

Biosynthesis and

Processing 3%
Nucleotide
Biosynthesis and

Metabolism 2%

ypoﬂetical Regu al()ly
Protein 600 9,
roteins PlOteinS 8/0

c-di-GMP
Associated
Proteins 4%

Nutrient
Transport 4%

Hydrogen
Metabolism 3%

Chlorophyll
Metabolism 3%

Cofactor
Biosynthesis 2%

Differential Gene Expression: Fold change < -2, p-value < 0.05.
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ldentifying Targets for Improved FFA Production

Locus Product Average Targeted
FC Mutagenesis
Hypothetical Proteins
Synpcc7942 0444 hypothetical protein 3.27 | Knockout
Synpcc7942 1561 hypothetical protein 2.67 | Knockout
Synpcc7942_1023 hypothetical protein 2.15 | Knockout
Synpcc7942_1476 hypothetical protein -4.59 | Overexpression
Synpcc7942 B2645 hypothetical protein -7.35 | Overexpression
Synpcc7942 1655 hypothetical protein -2.98 | Overexpression
Synpcc7942 0900 hypothetical protein -2.92 | Overexpression
Synpcc7942 B2632 hypothetical protein -2.68 | Overexpression
Synpcc7942_0122 hypothetical protein -2.53 | Overexpression
Synpcc7942 1845 hypothetical protein -2.28 | Overexpression
ROS-Degrading Proteins
Synpcc7942_ 1214 glutathione peroxidase 2.63 | Overexpression
Synpcc7942 0801 superoxide dismutase 2.56 | Overexpression
Synpcc7942 0437 glutathione peroxidase 2.54 | Overexpression
Synpcc7942 1656 catalase/peroxidase HPI -2.38 | Overexpression
Potential FFA Exporters
Synpcc7942 2175 transport system substrate-binding protein 2.99 | Knockout
Synpcc7942 1224 ABC-transporter membrane fusion protein 2.74 | Knockout
Synpcc7942_ 1464 porin 2.33 | Knockout
Synpcc7942 1607 porin; major outer membrane protein 2.16 | Knockout




Hypothetical Protein Overexpression Mutants

Improved cell growth, photosynthetic
yield, and FFA production:

= 51655

= S0122 - EAL domain, putative
diguanylate phosphodiesterase

= S0900 - glutamine synthetase
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ROS-Degrading Protein Overexpression Mutants (@ =
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Knockout Mutants (Candidate FFA Export Proteins)

Improved photosynthetic yield and FFA
production, but no increase in cell

growth:
= A1464 - porin

= A1607 - porin; major outer
membrane protein
} W SEO2a B A044441 B A044446
25 | W A2175#1 W A2175#2 EA1224#1
’ OA122443 B Al464#2 B A1464#5
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Does host selection effect FFA production?
Synechococcus sp. PCC 7002

Model cyanobacterium
= Genetic tools available

= Genome sequence

Salt tolerance

High light tolerance

Biofuel tolerance
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Ethanol Toxicity

OM 0.05M 0.1M 0.2M 0.3M 0.4M 0.5M 06M 0.7M 08M

Skl liii

I.h

Genetic modifications S. elongatus 7942 Synechococcus sp. 7002

Aaas/fadD SEO1 So01
Aaas/fadD, ‘tesA SE02 S02
Aaas/fadD, Fatl SEO3 S03
Aaas, Fatl (SEO4) or ‘tesA (SO5), rbclS SEO4 S05
Aaas, Fatl, rbclS, accBCDA SEO5 S06
Aaas, Fatl (SE06) or ‘tesA (SO7), Pgpn rbcLS SEO6 S07
Aaas, Fatl, P, rbclS, P,  accBC P, accDA SEQ7




FFA Production in 7002 Strains ) i

60 FFA Production
—-e—7002_30C Ae
-©-7002_38C .
50 - —=—501_30C X N 7002: wild type
-£-501_38C / Ao
40 - —4—502_30C / S01: AfadD
) -#--502_38C / . .
330 | ——503_30C ; S02: AfadD, ‘tesA
< =505, 38C S03: AfadD, fat1
[V
20
10
0

= FFA is produced and excreted by engineered 7002 strains

= 45—fold more FFA is produced using the E. coli thioesterase (‘tesA, SO02) compared to the C.
reinhardtii acyl-ACP thioesterase (fot1, S03)

= The optimal growth temperature (38°C) leads to more FFA production compared to 30°C



Physiological Effects of FFA Production in 7002 Strains h) S

= Photosynthetic yields (F,’/F,.’) remain 55 Photosynthetic Yield
constant at 30°C for the FFA-producing —e-7002_30C —®-S01 30C —A—S02 30C —e—S03_30C
: 0.6 -
7002 strains. -©-7002_38C -£#-501_38C -#A-502_38C -9--503_38C

= At 38°C, there is a gradual decline in
photosynthetic yield throughout FFA

- B
, . . : S & :*@;-*-ar-;‘-s.,
biosynthesis for all 7002 strains, yet this w03 - Ny e Blg -8,
. . . Seo E o = il ‘0'--_‘
effect is most severe in the highest 0 B el g Seig
yielding FFA strain, SO2. B % Thg e
&.‘- 0 "’-.
0.1 - TAa e B.__
Absorbance Spectra “Aal Pl =
0 T T T .-A...‘:ﬁ-”'ﬂ
0 100 200 300 400 500
Time (h)

= No change in photosynthetic pigments for
7002 strains at 30°C.

= S02 shows degradation of both
phycobiliprotein and Chl-a pigments at 38°C.

Normalized OD (with 0.025 offset)

—7002.30C ——501.30C ——502.30C ——503_30C = This response differs from that of 7942,
----7002_38C ----S01_38C =----502_38C ----S03_38C which showed selective degradation of Chl-a.
0 T T T T
300 400 500 600 700 800
Wavelength (nm) 7002: wild type; SO1: AfadD; S02: AfadD, tesA; S03: AfadD, fat1




RuBisCO Overexpression Improves FFA Yield ) i,

FFA Production

200
180 -

4502
—-505
160 7 -e-s06
140 4 -®-507

= High FFA production in SO7
(Aaas, tesA, PpsbAl-rbclLS)
compared to SO5 (Aaas,
tesA, rbclS)

= SO7 has decreased
photosynthetic yields and
a slight reduction in cell
growth
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Time (h
m S502: Aaas, ‘tesA; SO5: Aaas, tesA, rbclS; S06: Aaas, tesA, rbclS, accBCDA; SO7: Aaas, tesA, PprAl-beLS ()—
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= Engineering cyanobacterial production of a biodiesel precursor

= Demonstrated proof-of-concept
= What is limiting FFA production in 79427
= Biofuel toxicity and potential solutions
= Genetic targets identified for reduced FFA toxicity

= Cyanobacterial host selection is important

= Development of a cyanobacterial chassis
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Cyanobacterial Biofuels vs. E. coli Biofuels

Fuel/ LHV Productivity Energy
Precursor (kJ/mol) (mmol/L/h) Productivity
(kJ/L/h)

Ethanol 1370 Escherichia coli 15 (Munjal 2012) 20.55
Synechocystis sp. 0.013 (Dexter 2009) 0.018
PCC 6803

Butanol 2670 Escherichia coli 0.024 (Atsumi 2008) 0.064
Synechococcus 0.0017 (Lan 2011) 0.0045
elongatus PCC
7942

FFA 10,107 Escherichia coli 0.35 (Liu2012) 3.55

;Z?gf SIEERIEE Synechococcus sp. 0.0011 (Ruffing 2014) 0.011
PCC 7002

1 mol glucose - 2870 kJ




Synechococcus sp. PCC 7002 as a Cyanobacterial ()i
Chassis

Genome sequence available Biofuel Toxicity: 50% Growth Inhibition

600

Fast growth rate

* Kk k * % k

w
o
o

* Doubling times as low as 2.6 h reported? |

W 7942
m 6803

B
o
o

=  Marine strain

m 7002

Concentration
w
=)
)

= Tolerates up to 3 M salt* |
(seawater ~ 0.5 M) j T

= Can grow on non-freshwater sources

= Tolerant to evaporation IR CCNC
0

= High light tolerance

= Tolerates up to 2.5 x peak sunlight®

= Temperature tolerance
= Can grow from 22 - 40°C3
= Photobioreactors can reach high temperatures (40-45°C)
= More biofuel tolerant compared to model freshwater cyanobacteria®



http://bioenergy.asu.edu/cb&p/abstracts/Bryant-abstract.html
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Improving Transformation of Synechococcus sp. i) it
PCC 7002

Length of Homologous Regions

=  Minimum length of homology arms = 250 bp

4.0E+06

= Exonuclease activity detected in
3.5E406 - 250 mS500 ®W750 mW1000 m1250 Synechococcus sp. PCC 7002
g% 308405 1 = Genome includes 3 predicted exonucleases
£ £ 256406 (two are single-stranded specific)
= -
2 g 2.06+06 = Candidate exonuclease: sbcD
£
§§ 1.5E+06 - (SYNPCC7002_A2342)
~ & 1OE+06
Exonuclease Activity Test
5.0E+05 3.0E+06
0.0E+00 j _ M pSB
2 4 8 24 - 2.5E+06 -
Time (h) e 3 W desB
L
2a
%_, w 2.0E+06 -
S~
desB S £ 156406 -
s E
desB (~1kb) KmR desB (~1kb) 5S 10806 -
g s
pSB (linearized) F < ¢ oEs05 -
815b 117bp
P desB (~1kb) KmR desB (~1kb) 0.0E+00 -
2 4 8 24




Reporters for Synechococcus sp. PCC 7002 [z,

7002 hGFP Ypet mOrange

= hGFP (Ex460-490, Em510)
= Ypet (Ex515, Em530)
= mOrange (Ex540, Em560)
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2 1000
c
: PBP
: 9 ey
Ig ¢ 107 10’ 10° 10° 10* 05’ 10 10° 160 10° 10° 107 10"
s <— mOrange
N
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z 4000 7002 + 7002 +
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Unpublished results. Manuscript in preparation. 31



Synechococcus sp. PCC 7002 Promoters ) o,

Locus Tag Regulation Expression Gene Product
Level
u Selected 24 nat|ve promoters for A0670 Constitutive 10° conserved hypothetical protein
. . . A1731 Constitutive 107 hypothetical protein
characterization with Ypet fluorescence : —
o ) acceC, acetyl-CoA carboxylase, biotin
A2127 Constitutive 104
. . carboxylase
= Selection based on previous RNA-seq outer membrane protsin, DMPES family,
7 A0318 Constitutive 10 UDP-3-0-acyl N-acetylglucosamine
resu Its deacetylase
Al1173 Constitutive 103 polyketide synthase

= Expression levels: 102 —10"

fusA, ribosomal protein S10, translation
elongation factor Tu

n Regu |ato ry patterns: Constitutive’ A2531 Constitutive 102 conserved hypothetical protein

psaA, photosystem | P700 chlorophyll A

A2062 Constitutive 103

linear phase, and stationary phase AL9S1 | Comstinethe | 107 apoprotein AL
. conserved hypothetical membrane
= Promoter: 500 bp upstream of orf 42520 | tinearpme | 17 "ortei

A0304 Linear phase 10° conserved hypothetical proteins
A2663 Linear phase 10 bfr, bacterioferritin
A0740 Linear phase 10% ATP synthase subunit |

NS2-5’ NS2-3’ A1930 Linear phase 103 apcA, allophycocyanin a subunit
A2579 Linear phase 103 hypothetical protein

-,- --—"" T -<d A A2210 Linear phase 102 cpcA, phycocyanin a subunit

inear phase F apcB, allophycocyanin B subunit
A1929 Li h 102 B, alloph in B subuni
— ’ H e

NS2-5 _- Vpet NS2-3 A0255 | Stationary phase e glycosyl transferase, WecB/TagA/CpsF

family
A2165 | Stationaryphase 10 conserved hypothetical proteins
A2595 | Stationaryphase 10 conserved hypothetical protein
H H A2596 | Stationary phase 104 conserved hypothetical protein
= Characterized Ypet expression under both ik i :
conserved hypothetical protein, CheW-
. . . . . 5 . S ¥ . .
coO ntl nuous ||ght a nd dlu rnal ||ght A0047 | Stationaryphase 10 like domain; metf:)y:;;;::;;tmgehemotams
Conditions (~ 60 |.1m0|/m25) A1181 | Stationaryphase 103 ATPase, AAA family domain protein
A1962 Stationary phase 10?2 psaB, photosystem | protein A2
A2813 | Stationaryphase 102 S-layer like protein; probable porin




Normalized Fluorescecnce
-
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Normalized Fluorescecnce

Synechococcus sp. PCC 7002 Promoters
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Promoter strength does not always correlate with RNA-seq results

Regulatory patterns of Ypet expression do not match RNA-seq results
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Dirunal light conditions do not affect the overall expression levels and regulatory patterns
of promoters over 3 weeks of cultivation (may have daily, short time scale effects)

Low dynamic range of expression for most 7002 promoters




Synechococcus sp. PCC 7002 Promoter Motifs ) i,

CONSENSUS MEME Gibbs MDScan

e

= Promoter motif analysis with Melina Il “a~jmasan 5 A
(4 motif finders: CONSENSUS, MEME, }CATCCC }

(CATCG

Gibbs, MDScan) o — -
=  Promoter motif ©CCCATCE identified in 10 out i'L L L
I | coNsExsts ]
of 30 promoter regions e
= No observable expression trend E% = = =
=  Promoter motif AAAAACCA is consistent among 2
promoters showing moderate expression levels § ,
<

(2- to 3-fold higher).

A2062 A2127

CONSENSUS MEME Gibbs MDScan
: : “orablh (.. “JaAA
JAAAA%C%{Z\ ngéAéGQé—;T WQAB MY W2 A plale 69%‘3
B
O |[A1961 [ 100 200 200 100

[A1930 ]o 100 200 300 100 a lconsexsus | ___ | .| [/ [ N E——
CONSENSUS [] ] ] [] o e 1 - ___________-i ______________________________________
_________________________________________________________________________ e

peve_ | @ ] L S B | ) Mo m | W T |TTTTTTTTITTTTTITTTTTTTT T
|Gibbs !77. 7777777777777777777 I R LI ! 7! 777777 LN [a02s8 le 100 200 300 100

MD: 5] =] B A o JCONSENSUS .. - - o oo clbocaooaaaaa e |1 PSS R— =
A2531 lo 100 200 300 100 < 4‘(:;3'5 77777777777777777777777777777777 e EemscsEa I
|covsensts | | 1 . ] i R s R R R
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el S e __ ! ] leoxsessvs | [ | 1 ] L
Mbscan CX) R0/ ORI WA DN N— =]
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CO”C'USIOnS r.h Il“ahmatt!ries

= Advancements in engineering cyanobacteria for FFA production
» Successful FFA production and excretion in two cyanobacterial hosts
» Investigation of inducible and native promoters for gene expression
= Biofuel toxicity is a limiting factor for cyanobacterial fuel production

» Physiological effects: cell growth, stress, cell death, photosynthetic yield,
photosynthetic pigments

> ldentification of target genes affecting cell physiology during FFA production
(RNA-seq, mutants)

=  Development of a cyanobacterial chassis will enable optimization of
cyanobacterial fuel production

» Developed tools (reporters and promoters) and optimized transformation for
Synechococcus sp. PCC 7002 as a cyanobacterial chassis
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