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ABSTRACT OF THE DISSERTATION

Redesign of metabolic pathways for photosynthetic

production ofn-butanol using cyanobacteria

by

Ethan | Lan

Doctor of Philosophy in Biomedical Engineering
University of California, Los Angeles, 2013

Professor James C. Liao, Chair

As world population increases and fossil fuel-based resource depbeteluction of
renewable chemical and fuel using microorganisms is an tateaapproach to solving both
energy and environmental problenmsButanol has received increasing attention because it is
both a potential fuel substitute and an important chemical feégdstod has been produced by
microorganisms from sugars or biomass. However, direct conversicartadn dioxide intom-
butanol has never been accomplished. Metabolic engineering of cyarabast often
challenging because of their incompletely characterized plogsiplimited genetic tools, and a
relatively low growth rate. In particular, pathways originatingm anaerobes are sometimes
difficult to express in cyanobacteria due to enzyme oxygen setysaivil the difference in their

redox environment. As such, no one has demonstrated productidsutdnol directly from CQ@



using any microorganism, including cyanobacteria. In this work, ivg¢ ¢onstructed am-
butanol biosynthesis pathway in cyanobacteria and demonstrated therdidsiction of n-
butanol from CQ. However, the production requires anoxic treatment in dark and thetioibi
of photosystem Il in light (Chapter 2). This difficulty turns tmbe originated in both the lack
of driving force and the oxygen sensitivity of the key CoA-acylatiftghyde dehydrogenase.
We overcomed this difficulty oh-butanol production in cyanobacteria by redesigning the
pathway with ATP expenditure as a driving force (Chapter 3) aneégsipg an oxygen tolerant
enzyme for converting butyryl-CoA to butyraldehyde (Chapter 4)eéusof using direct acetyl-
CoA condensation to synthesize acetoacetyl-CoA, which is thel imggabolite ton-butanol
synthesis, we redesigned the pathway through using malonyl-CihAthve help of ATP. The
final synthetic pathway was constructed using enzymes from different organisms and
accomplished direct photosynthetrebutanol production up to 400 mg/L. These results
demonstrate both the feasibility of direebutanol production from CQand the importance of
redesigning pathways according to the characteristics of host metabolism

With the above success, the next bottleneck resides in the maloAyy@thesis, which
is highly regulated across all organisms. Despite sevendabpeeattempts in boosting malonyl-
CoA synthesis, the results were at best moderately sugke$sf solve this problem, we
redesigned malonyl-CoA biosynthesis (Chapter 6) by constructthgvpgs that are independent
of acetyl-CoA carboxylase, which is used universally for mal@ugA: synthesis and is highly
regulated. We designed several novel pathways, and experimeiaiabnstrated one route for
malonyl-CoA biosynthesidn vitro from oxaloacetate in four enzymatic stemspartate
aminotransferase, aspartaéedecarboxylase p-alanine aminotransferase, and malonyl-CoA

reductase. In particular, the pathway was further improved by asimgidoxal-5-phosphate-



dependent aspartate-decarboxylaseThis result presents a novel method for engineering
malonyl-CoA availablility, which is crucial for the production fatty acids, polyketides, and
flavonoids. In vivo construction of this pathway is currently on-going in our laboratory.

Building on the success of threbutanol pthway in cyanobacteria, we also expand the
chemical diversity of microbial products. To test the feasibility of the pathywe constructed a
synthetic recursive chain elongation by expanding on the CoA-dependenapattv coli. We
further integrated it with acetone biosynthesis and metabolicallgineeredE. coli for
production of 2-pentanone (Chapter 5), a methyl ketone with five cadsmusas a solvent and
flavor additive. The resulting. coli strain produced over 240 mg/L of 2-pentanone.

Together, this work presents a collection of metabolic engmgeeatesign principles
which enhances our understanding of fundamental evolution of natural patweagsir ability

to design new metabolic pathways for the green production of desicdrgounds.
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1. INTRODUCTION
1.1 Background and Significance

Finite supply of fossil fuel cannot meet the rapidly incregasnergy demand of the
future. To search for a potential solution to replace fossitfumblogical production of fuels is
one of the most promising approaches. The conventional raw méberiab-based production
is sugar and starch, from which ethanol and various other fuels amitaleecan be synthesized.
Among the non-ethanol products, of particular interest are compoundsrirsgrea as both fuel
and chemical feedstock and are compatible with current infrasteuckButanol, isobutanol,
and other higher alcohols are some examplgutanol and isobutanol are regarded as potential
surrogates for gasoline. These compounds have a energy density (7cMdé to that of
gasoline (32 MJ/L) and lower hygroscopicity compared to etham@utanol is naturally
produced by selected speciesGbbstridia (1, 2). Indeedn-butanol production from sugar using
Clostridia has been commercialized almost a century ago. After a longcguteperiod, the
interest in bio-production afi-butanol and related compounds has re-emerged in recent years.
Initially, sugar is still the most common raw material, affdres have focused on developing
more efficient pathways for synthesizing these specific prodéras glucose. As the
bioproduction technology matures, alternative resources such as liglusee macroalgae
biomass, waste proteins, syngas, and,,d@ve been explored as renewable raw material to
produce these compounds.

To utilize these non-conventional resources for fuel production, the prodocganism
must first convert the raw materials to central metabadibet as pyruvate and acetyl coenzyme
A (CoA), which are then diverted to fuel synthesis through engidgeméhways. Thus, strain

engineering efforts must address problems in both resourzatitih and fuel synthesis. To do



S0, one can construct the resource utilization pathways into an orgdnraisaready produces
the desired product, or construct the biofuel production pathways inta argasism capable of
metabolizing the desired resource. The choice of the stratipesnds on the complexity of the
two types of pathways and difficulties in expressing the protevalved. The lack of well-
developed genetic tools and complex physiology in non-traditional host orgaoiten limit the
speed of strain development. Nevertheless, both approaches have dendorssicatssful
production of biofuel from non-conventional feedstock, lignocellulosic mé&esgangas, waste

protein, macroalgae biomass, and,CO

1.2. Pathways for carbon and energy intake.

To tap into various raw materials, it is important to understand h@soonganisms
utilize them. Different microorganisms have different requiresrembbtain carbon and energy,
thus defining their primary nutritional group. Typically, organisnen de classified as
autotrophs or heterotrophs. Autotrophs are organisms capable of growpnodnding organic
compounds from carbon dioxide, whereas heterotrophs require organic carthair &sirbon
source as well as energy sources. Resources for heterotrolpli® isggar, glycerol, soluble and
insoluble polysaccharides, alginates, proteins, and other organic cafboese organic
compounds serve as both carbon and energy source for the heterotrophgawtially oxidize
these organic compounds and to various metabolites and generate gedgaivalents
(NAD(P)H) and energy (ATP) in the process. Alternativehg brganic compounds can be
completely oxidized to C&for generation of even larger amounts of energy (e.g. via TCk cy
and respiration) and reducing equivalents. A comprehensive diagram tognearious

pathways is shown in Fig. 1.1 to demonstrate the interconnection between different
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pathway; F) Polypeptide degradation; G) TCA cycle; 1. phosphoglusoseerase; 2. 6-
phosphofructokinase; 3. fructose-1,6-bisphosphatase; 4. fructose bisphophate;abddiasse
phosphate isomerase; 6. glyceraldehyde-3-phosphate dehydrogenadgcervaldghyde 3-
phosphate dehydrogenase; 8. phosphoglycerate kinase; 9. phosphogiycesas10. enolase;
11. Pyruvate kinase; 12. Pyruvate dehydrogenase; 13. Pyruvatobam oxidoreductase; 14.
Citrate synthase; 15. Aconitase; 16. isocitrate dehydrogenase; 17. 2-keabglderydrogenase;
18. succinyl-CoA synthetase; 19. succinate dehydrogenase; 20. $ema2ad. malate
dehydrogenase; 22. malic enzyme; 23. mannose-6-phosphate isomerasdul@édinase; 25.
transketolase; 26. aldolase; 27. sedoheptulose 1,7-bisphosphatase; 28. trapsRétai@sse 5-
phosphate isomerase; 30. phosphoribulokinase; 31. ribulose bisphosphate carb@®lase;
pentose-5-phosphate 3-epimerase; 33. NADP dependent formate dehydrog8dase;
Formyltetrahydrofolate  synthetase; 35. methenyltetrahydrofolatgclohydrolase; 36.
methenyltetrahydrofolate cyclohydrolase; 37. Methylenetgthalfolate reductase; 38.
methyltetrahydrofolate:corrinoid/iron-sulfur protein methyltramase; 39. carbon monoxide
dehydrogenase; 40. acetyl-CoA synthase; 41. Oligoalginate; I@seDEH reductase; 43. 2-
keto-3-deoxy-gluconate kinase; 44. 2-keto-3-deoxy-6-phosphogluconate ald@abeanched-
chain amino-acid aminotransferase; 46. branched-chain amino-acid amsfetase; 47.
branched-chain amino-acid aminotransferase; 48. alanine racemfseD-amino acid
dehydrogenase; 50. L-cysteine desulfhydrase; 51. L-serine mkeseni52. asparaginase; 53.
aspartate ammonia-lyase; 54. aspartate aminotransferase; S5&migadge; 56. glutamate
dehydrogenase; 57. xylose isomerase; 58. CO dehydrogenase; d38géhase; 60. Formate
dehydrogenase; Abbreviations: Pyr, pyruvate; PEP, phosphoenolpyruvdtd?, iihydroxy
acetone phosphate; G3P, glyeraldehyde-3-phosphatg, fedluced ferredoxin; kg oxidized
ferredoxin.

pathways and metabolites. This diagram shows how external resd@Gg syngas, proteins,
cellulose, hemicellulose, and alginates) are converted to pyrawdteacetyl-CoA, which are

then used for biofuel synthesis. Details of these resource tiihzpathways can be found

elsewhere (3, 4).

1.3. Pathways for higher chain alcohol synthesis

Biosynthetic pathways for higher alchols elongate and reducealkergtabolites such as
acetyl-CoA and pyruvate into more electron-rich compounds, highbortacyl-CoA and 2-
keto acids. These reduced metabolites are then further reducddghér alcohols and secreted

from the microorganism into the solution.



1.3.1 Isobutanol and other 2-keto acid-based higher alcohols

2-Keto acids are common intermediates for amino acid biosynthesises are the
immediate precursors of amino acids. In particular, the prec@rgeto acids of the aliphatic
amino acids such as valine, isoleucine, and leucine can be divertadhessxe higher alcohols
(Fig. 1.2). The synthetic pathway for isobutanol production (Fig. 1.2 follostes E1 — E2 —
E3 — E4 — E5) diverts the carbon fluxes from valine biosynthetiomagthnto synthesis of
isobutanol (5) by overexpression of 2-ketoisovalerate decarboxylas®)(Kand alcohol
dehydrogenase (AdhA). With further overexpression of valine biosyatpathwayE. coli was
engineered to produce 22 g/L of isobutanol, a value exceedimgatim@nol produced by most of
its native producers, and comparable to the best result (6). Fogterization of isobutanol
production in lab scale fermentors with in situ product removal Wiasta increase the effective
production titer of isobutanol to 50 g/L (7). Using valine analog norvatimautant strain oE.
coli was selected for improved isobutanol productivity (8). Furtherntorencrease isobutanol
yield under anaerobic condition, typically NADPH-dependent ketol-aedluatoisomerase
(IvC), second step of the pathway, was engineered to ublid@H and enabled production of
isobutanol at 100% theoretical yield anaerobically (9). Table 1.1 swnzes the strain
development for the heterologous production of isobutanohdndanol using diverse resources.
Isobutanol production has also been implemented in other heterotrophs {THbleuch as
Saccharomyces cerevisi@@ 14 to 0.18 g/L; (10-12)Corynebacterium glutamicui@.9 to 12.6
g/L; (13, 14)),and Bascillus subtili$2.62 g/L; (15)) using glucose as the substrate.

In addition to isobutanol, 2-methyl-1-butanol (16) and 3-methyl-1-but@¥)lare also

produced from naturally occurring 2-keto acids, 2-Keto-3-methylvalerate-kethz4-



Table 1.1. Summary ef-butanol and isobutanol production by recombinant organisms

Carbon electron energy

Genes Host Titer Productio
source source source

. . Reference
overexpressed  engineering n Vessel

Organism Target Pathway

" Test tube
Modified AadhE
atoB, hbd, crt, 15 g/L, and lab (Shen, et al.,
n-Butanol Glucose Glucose Glucose CoA ter, AdhE2, fdh AldhA, 30 giL scale 2011)
pathway AfrdBC, Apta fermentor

. cimA*3.7 .
Citramalate - " r 524 (Atsumi and
n-Butanol Glucose Glucose Glucose pathway f;ﬁgCD, kivd,  Ailvl, AilvB mglL Flask Liao, 2008)

Reverse- atoB, fadB, (Gulevich, et
oxidation fadE, adhE al., 2012)

n-Butanol Glucose Glucose Glucose

Clostridium
n-Butanol Mannitol Mannitol Mannitol  CoA adhE2 Aack 16 g/L Bottle
athway

Clostridium
tyrobutyricum

(Yu, etal.,
2011)

Clostridium thl, hbd, crt,
Bacillus subtilis n-Butanol Glycerol Glycerol Glycerol  CoA bcd, etfAB,
athwa adhE2

0.024 (Nielsen, et
glL Flask al., 2009)

i Clostridium .
Lactobacillus thl, hbd, crt, 0.300 . (Berezina, et
brevis n-Butanol Glucose Glucose Glucose ge?tﬁway bed, etfAB giL Vials al,, 2010)

Synechococcus Redesigned
elongatus PCC n-Butanol cQ CoA
7942 athway

atoB, hbd, crt, (Lan and
ter, AdhE2 Testtube |50, 2011)

AadhE Flask and (Atsumi, et
A . Valine alsS, ilvCD, AfrdBC, Afnr, 22 glL, al., 2008b,
Escherichia coli Isobutanol Glucose Glucose Glucose pathway Kivd, adhA AldhA, Apta, 50 giL If:h:gz:zr Baez, et al.,

ApflB 2011)

Clostridium Valine alsS, ilvCD, 0.660 (Higashide, et
callulolyticum Isobutanol Cellulose Cellulose Cellulose pathway kivd, yghD giL Bottle al,, 2011)
Valine alsS, ilvCD, 0.846 Lab scale (Li, et al.,
Isobutanol CQ Formate Formate pathway kivd, yghD AphaC1AB1 giL fermentor 2012)

. " . . AaceE Apqgo,
Corynebacterium Valine ilvVBNCD, kivd, y (Blombach, et
glutamicum Isobutanol Glucose Glucose Glucose pathway adhA, prtAB ﬁlrlr\]/[I‘Eh AldhA, 12.6 g/L Flask al., 2011)

Valine alsS, ilvCD,
pathway kivd, adh2

(Li, et al.,

Bascillus subtilis Isobutanol Glucose Glucose Glucose 2011)

2.62g/L Flask
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Figure 1.2. Schematic of biosynthetic pathwaysnftautanol and isobutanol production. Above
the red dashed line represents reactions naturally occur in amidobiasynthesis. Al.
phosphoenolpyruvate carboxylase; A2. aspartate transaminase; A3tataspganase; A4.
aspartate semialdehyde dehydrogenase; A5. homoserine dehydeodehdsomoserine kinase;
A7. threonine synthase; A8. threonine deaminase; B1. pyruvate kinasdétr&@®atate synthase;
B3. 2-isopropylmalate hydro-lyase; B4. 2-isopropylmalate hyghee; B5. 3-isopropylmalate
dehydrogenase; C1. 2-isoproylmalate synthase; C2. 2-isopropigmiayaro-lyase; C3. 2-
isopropylmalate hydro-lyase; C4. 3-isopropylmalate dehydrogen&®; 2-keto acid
decarboxylase; D1. pyruvate dehydrogenase; D2a. acetyl-Obbxydase; D2a’. acetoacetyl-
CoA synthase; D2b. Thiolase; D3a. 3-hydroxybutyryl-CoA dehydrage(dADH dependent);
D3b. acetoacetyl-CoA reductase (NADPH dependent); D4a. Crotdndbe;R-specific enoyl-
CoA hydratase; D5a. Butyryl-CoA dehydeogrnase/Electron feemnsg flavoprotein complex;
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D5b. trans-2-enoyl-CoA reductase; D6. CoA-acylating aldehydedidehggnase; D7. alcohol
dehydrogenase; E1. acetolactate synthase; E2. 2,3-dihydroxy-isteale™NADP+
oxidoreductase; E3. 2,3-dihydroxy-isovalerate dehydratase; E4. 2-&dtalecarboxylase; E5.
alcohol dehydrogenase; F1. butyryl-CoA mutase; F2. branched-chain kaffghaacid
dehydrogenase; F3. CoA-acylating aldehyde dehydrogenase.

methylvalerate, respectively. Synthesis of alcohols longer Zraethyl-butanol and 3-methyl-
buanol requires longer 2-keto acid precursors (Fig. 1.3; for reviegadon chain elongation
see (18, 19)). To do so, 2-isopropylmalate synthase (IPMS; LeuA)hvidithe key enzyme
responsible for carbon elongation of 2-keto acid with acetyl-CoA, avD kiere engineered to
accept larger substrates (20, 21). As a result, longer chain akdtolas heptanol and octanol
were produced. Figure 1.3 illustrates the diversity of aliphagjhdrialcohols that are produced
via 2-keto acid-based pathways.

The 2-keto acid based pathway can also produbetanol by decarboxylating and
reducing 2-ketovalerate, which is a precursor to an unnatural aagib norvaline. 2-
Ketovalerate is naturally produced by IPMS chain elongation {F2gfollowing steps C1 — C2 —
C3 — C4) of 2-ketobutyrate. 2-ketobutyrate, on the other hand, cannbeesyed via two
mechanisms. The first mechanism is by deamination of threonireoifine pathway; Fig. 1.2
following steps A1 — A2 — A3 — A4 — A5 — A6 — A7) and the other mechantdmarfalate
pathway; Fig. 1.2 following steps B2 — B3 — B4 — B5), foundviethanococcus jannaschii

extend pyruvate to 2-ketobutyrate by IPMS chain elongation. Botinteenine and citramalate

pathway were used to produce 0.5 — 1 g/b-blutanol inE. coliusing glucose (22, 23).
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Figure 1.3. 2-Keto acid based production of alcohols. AHAS (Acetohydaoid synthase)
pathway is catalyzed by IlIVIHCD with pyruvate as carbon amdiunit. IPMS pathway is
catalyzed by LeuABCD with acetyl-CoA as carbon addition unit. @mmds highlighted in
blue are natural metabolites; in red are non-natural 2-keto; atigsllow are alcohols produced
from 2-keto acid.

1.3.2.n-Butanol and the Coenzyme A -dependent pathway

The naturah-butanol biosynthetic pathway fro@lostridia is mediated by Coenzyme A
(CoA). As illustrated in Fig. 1.2Clostridium pathway (Fig 1.2 following steps D2b — D3a —
D4a — D5a — D6 — D7) proceeds first by condensation of two acetyl40tbéwed by reduction
and dehydration into-butanol. As an alternative to usi@jostridia for n-butanol production,
the Clostridiumn-butanol production pathway was transferred to other heterotrophs (T ahle
These heterotrophs includingscherichia coli (24, 25), Saccharomyces cerevisia@6),

Lactobacillus brevis(27), Pseudomonas putidé8) and Bacillus subtilis(28) were able to
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producen-butanol from sugars or glycerdiowever, then-butanol titers produced from these
recombinant heterotrophs are much lower than that of the ri@igéridiumproducers by one to
two orders of magnitude. One hypothesis that explain this deficieasythat butyryl-CoA
dehydrogenase electron transferring flavoprotein (Bcd/Etf)ptexn(Fig 1.2; step D5a) was
poorly expressed in recombinant organisms due to its potential oxggesitivity and
requirement of ferredoxin as an additional redox partner (29).

The difficulty of functionally expressing Bcd/Etf complex wasmome by recruiting
trans-2-enyol-CoA reductase (Ter) for the reduction of crot@oA (30, 31). Ter is readily
expressed inEscherichia coli and directly reduces crotonyl-CoA using NADH without
requirement of additional ferredoxin partners. This stratefjgiezitly avoids expression of
foreign ferredoxins and couples the productiomdifutanol to the consumption of glucose as
glycolysis generates NADH. Further characterization revédwls reduction of crotonyl-CoA
with NADH is an irreversible reaction as opposed to the pothnteversible reaction catalyzed
by the FAD mediated Bcd/Etf complex (31). This strateggatifely increased productivity of
n-butanol inE. coli to 800 ~ 1,600 mg/L/d, exceeding the productivity (150 mg/L/d) of the
pathway utilizing Bcd/Etf.

While the use of Ter in the CoA-dependent pathwaly.inoli outperformed the original
Clostridiumpathway, the production titer remains inferior to the natipeitanol producers. To
increase the productivity af-butanol in heterologous hosts, additional host engineering was
required. The successful productions of other alcohols such as ettsopbpanol (32, 33), and
isobutanol (5, 7) have decarboxylation towards the end of the pathway@mmon feature.

Decarboxylation effectively drives the reaction equilibrium talgahe product as gaseous £LO
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leaves the solution. The lack of a natural driving force possilglams the low production af-
butanol inE. coli.

Therefore, to engineer driving forces febutanol production, synthetic accumulation of
the precursor acetyl-CoA and cofactor NADH was achieved by kngckut mixed acid
fermentation Aldh, AadhE andAfrd) and acetate formatiomgta) (30). Furthermore, formate
dehydrogenase (Fdh) was overexpressed to convert formate, produaenbbic synthesis of
acetyl-CoA, into NADH. Together, the accumulation of acetyl-Co&l &ADH drives the
reaction towards product formation, enabling production up to 15 g/L ean dgit fed batch
fermentation under anaerobic condition (30). This engineered straih 0bli producedn-
butanol to a titer comparable to that demonstratedChystridium producers. To further
strengthen the driving force af-butanol production and minimize product toxicity, this
engineered strain was tested for a scale up experiment udinghémostat with continuous
product removal by gas stripping. The effective titer reached/I3@ng7 days with a yield of
70% maximum theoretical (30). This work demonstrates the impor@indaving forces in
metabolite production.

Utilizing the acetyl-CoA and NADH accumulation driving force comsted inE. coli,
the CoA-dependent pathway was constructed to increase carbon cggimdebutyryl-CoA by
condensation with another acetyl-CoA (34). This condensation is cadaby 3-keto-thiolase
(BktB) from Ralstonia eutrophaUpon expression of BktB with the CoA-dependent pathway for
n-butanol synthesis, n-hexanol production was observed, demonstratingsibditie@f higher
chain alcohol production by extension of the CoA-dependent pathway.dBynae) a selection
platform (35) to enhance higher alcohol production using the CoA-dependentapaiéh®®

mg/L of n-hexanol and 65 mg/L of n-octanol was produced towoli.
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1.3.3 Higher alcohols via reverse@-oxidation pathway

The CoA-dependent pathway resembles the sequence of reactifiagxidation in
reverse (Fig. 1.4). This reverspabxidation is naturally used @lostridium kluyverito produce
hexanoic acid from ethanol. However, the enzymes responsible forethesive chain
elongation are not clearly defined. Revergeoxidation (Fig. 1.4) using native enzymes was
investigated irE. coli (36). To operate the natigeoxidation in reverse, thiad andato regulons,
encoding thg-oxidation enzymes, must be active without requiring the presertbeiohatural
fatty acid inducers. This phenotype was achieved by creating ondain transcriptional
regulatorsfadR atoC, crp and knock out ofrcA. Upon further knock out of its fermentation
pathways AadhE AfrdA, Apta) (36) and overexpression of native thiolase (YgeF) and alcohol
dehydrogenase (FucO), productionngbutanol at 1.9 g/L was achieved. Further scale up of
butanol production in lab scale fermentor resulted in a titer of[1436). Instead of using acyl-
CoA dehydrogenase (FadE) of the natifoxidation pathway, this reverseftoxidation
sequence requires an uncharacterized enzyme YdiO, a predictetiodcdehydrogenase, and
its associated proteins YdiIQRST for the reduction of crotonyl-@outyryl-CoA. YdiQRS are
putative flavoproteins, and YdiT is a ferredoxin-like protein, suggestingthieareduction of
crotonyl-CoA may be associated with ferredoxin similar to thfathe Clostridium Bcd/Etf
complex. Further overexpression of alcohol dehydrogenase favoring cluaig acyl-CoA
reduction resulted in the production of long chain alcohols such as ocfdbin{g/L) and
decanol (170 mg/L), within the same order of magnitude of fatty al¢gdB8l6 mg/L) produced

via fatty acid synthesis (37).
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Acyl-CoAs such as butyryl-CoA and hexanoyl-CoA can be reduced into alcohols.

Another study utilizing reverseloxidation forn-butanol production itfE. coli resulted
in minimal titer of 1 mg/Ln-butanol produced (38). In this study, FadE was used for the
reduction of crotonyl-CoA instead of YdiO, and native bifunctional aldehylcohol

dehydrogenase (AdhE) was used instead of FucO. Furthermored ratid fermentation

pathways were not deleted.
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1.4. Butanol production from diverse resources

As the design for efficient higher alcohol production pathways matalternative
resources such as lignocellulose, waste proteins, syngas, andh@&@ been assessed as
renewable raw material to produce these compounds. In this secticeview the current status

of strain engineering for utilization of alternative resources for the ptiothuof higher alcohols.

1.4.1. Photosynthesis-based isobutanol production from GO

Production of biofuel directly from CQusing autotrophs is attractive because it bypasses
the difficulty of feedstock recalcitrance. To meet this goakombinant cyanobacterium
Synechococcus elongatB€C 7942 has been engineered to synthesize isobutanol (39) by using
the valine biosynthetic pathway coupled with KivD and an alcohol dehyaiasgeYghD. The
Bacillus subtilisacetolactate synthase (AlsS) dadcoli valine biosynthetic enzymes IllvC and
llvD were overexpressed i8. elongatuPCC 7942 to direct carbon flux towards isobutanol
production. This engineered strain ®f elongatuproduced 450 mg/L of isobutanol in 6 days,
representing a productivity of higher than 3,000 pg/L/h (39), exceedmgnt the productivity
of hydrogen and ethanol from cyanobacteria and comparable to thatbtigsel productivity
(40). It was also demonstrated in the same study that overarpressRuBisCo was able to
increase the isobutyraldehyde, intermediate one step before isobptadaiction up to two fold
reaching a final titer of 1.1 g/L of isobutyraldehyde producedmbductivity of 6,230 pg/L/h,
demonstrating improvement of photosynthetic rate. Numerous effortsatswvdeen made to

construct recombinant cyanobacteria for the production of other fuel and chexrgetd (41).
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1.4.2 Photosynthesis-basattbutanol production from CO,

n-Butanol production in cyanobacteria using the CoA-dependent pathwaymisrea
challenging task as this pathway comes from strict anaerdbes.section is an overview of
what this work as accomplished. To producbutanol in cyanobacteria, the modified CoA-
dependent pathway consisting of AtoB (thiolase), Hbd (3-hydroxybuGmy¥ dehydrogenase),
Crt (crotonase), Ter, and AdhE2 (aldehyde/alcohol dehydrogenasejea@sbined intoS.
elongatusPCC 7942 (42). The activities of these enzymes were verified ayro assay using
crude extract. However, even with functional expression of all eezym the pathwayn-
butanol production was barely detected (42). Only upon anoxic incubatioovai gulture, 14.5
mg/L of n-butanol was observed in culture broth after 7 days.

To overcome the challenge of producmfutanol in cyanobacteria under photosynthetic
condition, additional driving force is needed. Thiolase mediated syntbfestetoacetyl-CoA is
thermodynamically unfavorable with a calculatads’ of 27.4 kJ/mol (calculated using
eQuilibrator (43) with substrate concentrations of 1 mM, pH 7, and stréogth of 0.1 M). To
overcome this large energy barrier, acetyl-CoA concentratiort beusnuch greater than the
concentration of acetoacetyl-CoA. This issue was overconie aoli (30) by constructing the
accumulation of intracellular acetyl-CoA and NADH. Accumulation NVADH drives the
downstream reactions to synthesis mbutanol, therefore lowering the concentration of
acetoacetyl-CoA. The net effect of this engineering isrtbeeased concentration ratio of acetyl-
CoA to acetoacetyl-CoA, which effectively drives the synthesis-butanol. However, this
scenario is difficult to recreate in cyanobacteria becauzsanadation of acetyl-CoA and NADH

is challenging.
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To circumvent the difficulty of accumulating acetyl-CoA and NARs a driving force
for n-butanol synthesis, energy from ATP was used to drive the thermuodally unfavorable
condensation of two acetyl-CoA (44). Acetyl-CoA is activated By Aand bicarbonate to form
malonyl-CoA, which can undergo a decarboxylative condensation vathil-#€0A to synthesize
acetoacetyl-CoA. This ATP mediated condensation of two acetyld@asAan overalhG’ of -
13.8 kJ/mol with -9.2 kJ/mol from activation of acetyl-CoA to malo@glA by ATP and -4.6
kJ/mol from decarboxylative condensation of malonyl-CoA and acetyl-Qdalonyl-CoA
synthesis is catalyzed by acetyl-CoA carboxylase (Acc)chviis present in cyanobacteria.
However, there is no native enzyme for condensation of malonyl-CoA aaaty/l-CoA.
Therefore, acetoacetyl-CoA synthase was expressed withn#yenes of the modified CoA-
dependent pathway (Fig. 1.2 following steps D2a — D2a’ — D3b — D4b — D&—D7). As a

result, 30 mg/L ofh-butanol was produced under photosynthetic condition.

1.4.3 Electricity-based isobutanol production from CQ

Although photosynthetic COfixation is a natural process, the energy conversion
efficiency is limited by the natural photosynthetic apparatus (#5addition, biofuel production
by photoautotrophs requires photobioreactors. The 2-dimensional light-expasgiage is much
more costly than the 3-dimensional fermentors that are used ik@ataiinicrobes in the bulk. As
an alternative, the light reactions can be separated fromattkereactions (C®fixation and
biofuel production). The light reactions can be realized by usingmesate photovoltaic cells
that are reasonably efficient in converting sunlight into elettrievhich can then be used to
drive CQ fixation in the dark either directly (46) or via an electron mexti(47). Using such a

strategy, C@can be reduced to fuels and chemicals without direct photosyntfiésssstrategy
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also serves as an effective way to store electricitygagl fuel (47, 48). In this case, electric
energy is converted to chemical energy in the form of biofuel.

The use of a diffusible electron mediator is scalable using coomahtechnologies. To
do so, electrical energy first has to be converted into simgletreh carrier such as,H
Chemoautotroph can then utilize the energy stored ramtl fix CQ and produce biofuel.
However, H is not an ideal electron source for microbes because of its low solubilipDiraktl
safety concerns. Formate on the other hand is highly soluble &n arad can be produced by
electrolysis of CQ@ and BO (49). Furthermore, formate can also be metabolized by some
microorganism to produce NADH and €0y formate dehydrogenase.

To convert electricity into biofuelR. eutropha a chemoautotroph capable of £0
fixation with formate as an energy source, has been engineemdduce isobutanol and 3-
methylbutanol in an integrated process of electricity driven bigduedluction (47). Isobutanol
production genesalsS ilvCD, kivD, and yghD) were introduced intoR. eutropha The
polyhydroxybutyrate, natural carbon storageRofeutrophabiosynthesis pathway was knocked
out to redirect the carbon flux to isobutanol. As a result, the isobupaodliction pathway
served as the new metabolic sink for carbon and reducing equivalenteintorconstruct an
integrated system with electricity as the energy input, batoe design was necessary to remove
reactive oxygen species @nd NO, which were identified as by-products of formate electrolysis
in that particular medium and inhibit cell growth. As a resuis ititegrated process was able to
produce about 100 mg/L of isobutanol and 50 mg/L of 3-methylbutanol difemthyelectricity
and CQ (47). By directly feeding formate, this engineered straiR .oéutrophaproduced 846
mg/L of isobutanol and 570 mg/L of 3-methylbutanol in 130 hours using pH-coupled formic acid

feeding fermentor (47).
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1.4.4 Syngas-based-butanol production

Syngas is a mixture of CO and Hnd is used as an energy source for G@xXation by
acetogens such &lostridium ljungdahlii(50) andClostridium carboxidivorang51). Syngas
can be produced from renewable resources such as biomass and murastpal5&2). Syngas
production and utilization by microorganisms have been previously revi&8@aiid will not
be discussed extensively he@e.carboxidivoransiaturally produces-butanol, ethanol, butyrate
and acetate from syngas (51). However, the major product produced ldbytye C.
carboxidivorangs acetate (56 mmol per mol of CO consumed),rahdtanol is a minor product
(8.9 mmol per mol of CO consumed; (51)). On the other Hantingdahlii first isolated for its
ability to produce ethanol from syngas (54), does not naturally prodidméanol. Upon
engineering the CoA-dependembutanol synthesis pathway from C. acetobutylicum i@Gto
ljungdabhlii, the resulting strain produced about 0.5 mM-tsutanol (50) from syngas. However,

it was observed thatbutanol was metabolized into butyrate.

1.4.5 Cellulose-based butanol production

Lignocellulose has long been considered to be an attractive sourceogidabfeedstock
(55). It commonly exists in plants as cell wall and structurppert. Lignocellulosic materials
are composed of cellulose, hemicelluloses, and lignin. In particuladose and hemicellulose
represent the majority of fermentable carbon composite in theseriag (56). Therefore,
enzymes and microorganisms capable of degrading cellulose ancEhelmse are of particular
interest for biofuel applications. However, the major problem of lighdose utilization is the
deconstruction of this complex or recalcitrant material. The breakad lignocellulose and the

strain development for production of chemical and fuel have been revessatsively (57-59)
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and are not covered here. More cost-efficient methods for theratiepa(60) and the

fermentation (61) of inexpensive cellulosic substrates have beesloped to enhanced the
efficiency of the overall process. Furthermore, recent Impromtsme the fermentation process
such as reduction of operation energy (62) and reuse of wastd@d@}erncrease the overall
efficiency of fermentative butanol production.

To utilize cellulose and hemicellulose, cellulase, xylanaBeylucosidase, and
xylobiosidase were expressedHkn coli for utilization and degradation of cellulose and xylan,
components of plant biomass (64). In orderEorcoli to excrete cellulose and xylanase, these
enzymes were expressed as protein fusions with OsmY, a protein inducgokbgsmotic stress.
The resulting strain cleaves cellulose and xylan into their sholitggpsaccharides cellodextrin
and xylodextrins, respectively. To further hydrolyze these oligbsaes 3-glucosidase, and
xylobiosidase were overexpressed. As a result, enginéeiaali expressing cellulase (Cel) from
Bacillus sp. D04 and3-glucosidase (cel3A) fronCellvibrio japonicuswas able to grow on
phosphoric acid swollen cellulose (64). Enginedfectoli expressing xylanase (Xyn10B) and
xylobiosidase (Gly43F) fron€lostridium stercorariumwas able to grow beechwood xylan, a
model substrate for hemicellulose. Upon further expressic@ladtridium CoA-dependenh-
butanol synthetic operom-butanol (28 mg/L) was produced from lonic liquid treated switch
grass (64). In the same study, fatty acid ethyl ester and pinene wepealsced.

Alternatively, Clostridium cellulolyticuma mesophilicClostridiumwith natural cellulose
and hemicellulose utilization ability, was engineered to prodscbutanol from crystalline
cellulose (55). Isobutanol production pathway (Fig 1.2; (5)) was introductd G.
cellulolyticumvia borad-host-range plasmid transformation. The resultinghgtraduced 364

mg/L in 4 days and 660 mg/L in 7 days of isobutanol from cellobiose and cellulose, re$pective
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1.4.6 Protein-based higher alcohol production

Protein from animal waste such as cattle and poultry litbek manure is often an
overlooked resource for potential biofuel production. Amount of animat bitel manure are
increasing as the world human population increases. Animal littmaanure are commonly
used as fertilizer for crop land because of their richnessriogeit, phosphorus, and potassium.
However, due to accumulation of phosphorus and potassium in crop land (65is thdéireit as
to how much animal litter and manure can be used as fertilizeesk of animal litter and
manure accumulates, and disposal becomes a challenge. Recycling thesent@biofuel is an
attractive solution to this environmental problem.

Utilization of protein as a resource for biofuel production also as&e the efficiency of
biofuel production because it recycles reduced nitrogen (66). Redupagkenits necessary for
the successful development of biofuel as both plant-based andbalgee-biofuel productions
require reduced nitrogen as fertilizer. Industrially, ammonighismically produced via the
Haber-Bosch process, an energy intensive process, represerdangg @&nergy debt for biofuel
production. Furthermore, high-protein containing residuals are commorndyassanimal feeds,
resulting in increased production ob® a green house gas 300 times worse thap (€0.
Therefore the incentive for protein-based biofuel production is potentially atibsta

To utilize protein as the carbon source for biofuel production, aoiesff microbe
capable of metabolizing protein and its amino acid residues is edquilo generate such
microbe, arkE. coli strain was engineered by directed evolution to more effigieniize amino
acids (68). The resulting strain was able to grow on 13 individual angids, a&as opposed to
only 4 amino acids utilized by the wild type, as the sole carbortesotihis engineered strain

produced 4.06 g/L of higher alcohols including isobutanol, 2-methyl butanol3-anelthyl
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butanol from yeast extract. Furthermore, the cell's ammoniandason pathwaysddhA and
gInA) were knocked out and genes responsible for transaminéiabH, avtA, ilvE, ilvA and
sdaB were overexpressed. The net effect of this engineeritigeigvolution of NH, which is
excreted from the cell, providing a driving force for amino amihsumption. With further
knockouts of quorum-sensing genes, the final engineered strain produced of bitther
alcohols from amino acids, representing a yield of 55.7% maximum tloabi@&3). Huo et al.
also demonstrated that up to 3 g/L of higher alcohol were producedphetneated algal and

bacterial biomass as feedstocks.

1.5. Systematic approach for strain development

Strain development for the production of chemicals from engine®gahisms can be
organized into different levels (Fig. 1.5). The First level focusetherexpression of necessary
enzymes. Recombinant protein expression techniques such as modification cdmenember,
codon optimization, and choice of proper strength for promoter and ribosomdasite (RBS)
are some important considerations for functional expression of legeus pathway.
Computational tools such as RBS calculator (69) are useful fogrdegi and controlling
expression strength.

Next, pathway optimization is achieved by reducing pathway tgxi¢?), knocking out
obvious competing pathways, enhancing substrate and cofactor avail@d)ityn Addition, to
enhance the performance of heterologous pathways, a driving farseally necessary. Driving
force such as decarboxylation, product phase separation, and reaetrensibility effectively

favors the formation of the product. These rational design strategies regafte bexchemical
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Figure 1.5. Systematic approach of strain development for the prodwdticimemicals from
engineered organisms. Production range is shown as approximate values.

15~30g/L

Approximate production range

consideration and detailed knowledge for the specific pathway andigmgan study, and would
give sufficient results for proof of principle.

Further optimization of pathway expression requires high-throughput tegie® with
systems analysis. The “omics” technology andilico models are useful to identify non-obvious
competing pathways and additional beneficial enzymes for oversiquies These systematic
approaches have been reviewed previously (71, 72) and will not be diddnsdetail here.
Genomic reconstruction models have been developed for many indystreévant
microorganisms such as butanol-produci@tpstridium beijerinckiiNCIMB 8052 (73) and
cyanobacteriumSynechocystif?CC 6803 (74). The systems level of optimization is a fast

growing area of research and can offer opportunities that previous desiggistraannot.

1.6. Summary

Enhanced utilization of non-food-based resources for biofuel productiotovaitintinue
as a main focus of biofuel research. Utilization of resournekiding CQ, waste protein,
lignocellulosic material, and syngas, addresses energy and envirahme&ftiems, and waste

management. Except for lignocellulose, utilization of other reseuras not been investigated
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extensively. The development of advanced biofuel production from these altereaburces is
still a young field. While microbes designed to utilize sudhrahtive resources for producing
higher alcohols have shown success, further strain optimizations,adlspatcthe systems level,

are needed to improve yield and productivity.
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2. METABOLIC ENGINEERING OF CYANOBACTERIA FOR N-BUTAN OL

PRODUCTION FROM CARBON DIOXIDE
2.1. Introduction

While lignocellulose and sugars have been the major source of céosbanicrobial
production of biofuels (1-3), direct conversion of {0 fuel using photoautotrophic organisms,
such as cyanobacteria, has received increasing attention. THg esailable genetic tools and
genome sequences make cyanobacteria a favored target bbhee¢agineering for producing
desired products (Fig. 2.1A). For example, cyanobacteria have been tiateont produce
Isobutyraldehyde (1,100 mg/L), isobutanol (450 mg/L) (4), ethanol (0.021 — 530 (Bg/6),
ethylene (~37 mg/L) (7), isoprene (0.05 mg/g dry cell/day) (B)ass (~36 mg/L) and lactic acid
(=56 mg/L) (9). The relatively high-flux production of isobutanol and isohidghyde (4, 10)
demonstrates the feasibility for commercial scale synthesis frogn CO

n-Butanol is considered as a potential fuel substitute to disgaseline. The energy
density of n-butanol (27 MJ/L) is higher than that of ethanol (21LMand closer to that of
gasoline (32 MJ/L). In addition, its low hygroscopicity and compatybilvith current
infrastructure make n-butanol an attractive fuel substitute. naButs also an important
feedstock used to produce various chemicals. To produce one moleculeutdnot using
photosynthesis and the Calvin-Benson cycle, 48 photons are required (S24. Bdhis photon
yield is the same as glucose and isobutanol, and compares favoratiyer chemicals such as
isoprene and ethylene (Table 2.1). Therefore, it is desirable to prodigtanol directly from

CO, and light.
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n-Butanol can be produced via two distinct pathways. The synthetito&eked pathway

utilizes intermediates from amino acid biosynthesis routes (11, k&Yofalerate, a non-natural

intermediate produced by the enzymes LeuABCD of leucine biosynthesis, ibalgtated and

Box 2.1.

Maximum theoretical yield of n-butanol

On average200 W/nt of solar energy is available on earth. (Brenner, 2008). Thisl®qu

to 6.32x16 kJ/m?yr. However, only a fraction of the total solar energy can be wutilize
photosynthetic organisms. The energy used for carbon fixation istedimby
photosynthetically inactive spectrum (Zhu, et al., 2008) (51.3% loss ofetm¢agy), light
reflected and transmitted (green is reflected, 4.9%), and photocieimadficiency (as a
result of energy lost by relaxation of higher excitationtestaf chlorophyll, 6.6%),
photorespiration (6.1%), respiration (1.9%). Therefore, @8y2%, corresponding td.85
x10° kd/m?%yr, of the solar irradiation can be used by photosynthetic machingmpduice
biological compounds.

48 moles of photons (of energy 173.5 kJ/mol, representing the averagg @nédf nm
and 700 nm photons) are required to make one mole of n-bi{EagollA). This photon yield
is calculated by the number of photons needed to fix @O glyceraldehyde-3-phospha
(G3P) and then the number of G3P and NAD(P)H required to produce n-b&agradtons
(one from each photosystem) are required to transfer 1 elecwon KO to NADF.
Production of NADPH from NADPrequires two electrons. Therefore 4 photons are requ
to produce 1 NADPH. 6 NADPH are required to produce 1 G3P from 3 Thus 24
photons are required for producing G3P. To produce n-butanol, 2 G3P ared:egtih is
equal to 48 photons.

Therefore,

(48 mol photon/ mol n-butanol) x (173.5 kJ/mol photor$328 kJ/mole n-butanol
Taking the total energy available for producing compouidd5(x18§ kJ/m?/yr), divided by
8328 kJ/molyields221 mol/nf/yr , or16 kg/nf/yr , of n-butanol can be produced.

e

lired
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Figure. 2.1. Schematic representation of n-butanol production in erggirfeelongatu$?CC
7942. A) Light reaction provides NADPH as reductant for carbon @ratnto bioproducts.
Photons required to produce each product is calculated based on the nugipezrafdehydes-
3-phosphate (G3P) and NAD(P)H required. B) The engine8&redlongatus7942 contains
heterologous expression of five enzymes for the conversion of acetyl-GeBuianol (boxed in
green). AtoB, acetyl-CoA acetyltransferase; Hbd, 3-hydroxyploA dehydrogenase; Crt,
crotonase; Ter, trans-2-enoyl-CoA reductase; AdhE2, bifunctional yald&ticohol
dehydrogenase.

~"0H

then reduced to n-butanol. The other pathway synthesizes butyrylH@GoAdcetyl-CoA in a
pathway similar to fatty acid biosynthesis. Butyryl-CoA isnthreduced to n-butanol. This
pathway is referred to as the CoA-dependent pathway and is usedune hg various
Clostridiumspecies to produce n-butanol along with ethanol and acetone.

Among Clostridium species,C. acetobutylicumand C. beijerinckii have been used to
ferment carbohydrates into n-butanol (13, 14) with increased butareshriok (15) and

selectivity over by-products (16, 17). As an alternative, varioospsg have produced n-butanol
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Table 2.1. Photon yields using the CoA-dependent pathway by

Photons Maximum yield non-native hosts, includingscherichia
Compound required (kg/mélyr)
Ethanol 24 205 coli (550 - 1,200 mg/L) (18-20)
Lactate 24 40.0 Saccharomyces cerevisiae (2.5 mg/L)
Glucose 48 40.0
Ethylene 48 6.2 (21), Lactobacillus brevis (300 mg/L)
1-Butanol 48 16.5
Isobutanol 48 16.5 (22), Pseudomonas putida (120 mg/L)
Isoprene 56 13.0

and Bacillus subtilis (24 mg/L) (20J.he
related pathway for production of isopropanol has also been trauisterée coli (23). The
native Clostridium n-butanol formation pathway consists of seven enzymes: Thiolase 8¥hl)
hydroxybutyryl-CoA dehydrogenase (Hbd), crotonase (Crt), butyoA-@ehydrogenase (Bcd),
electron transferring protein A and B (EtfAB), and bifunctiondellyde alcohol dehydrogenase
(AdhE2). In particular, Bcd/EtfAB catalyzes the hydrogenationrofonyl-CoA to butyryl-CoA
and is coupled to ferredoxin reduction (24). This enzyme complex has not been elxpeisse
heterologous hosts and is oxygen sensitive (18-20, 22, 25). In addition, fBauitifilex may
requireClostridial ferredoxins to function at its optimum. Recently Shen et al. (20ltRined
high yield (88% of theoretical) and high flux production with an eiffediiter up to 30 g/L of n-
butanol inE. coliby streamlining both carbon flux and reducing cofactors usinglaCe#y and
NADH driving forces coupled with the NADH-dependent trans-enaA@eductase (Ter) (26).
The use of Ter effectively avoids the problems of expresSliostridiumBcd/EtfAB complex as
well as by-passing the need for expres€bhgstridial ferredoxins.

No reports thus far have engineered autotrophic organisms to produce n-butanoki&@xpres

of the CoA-dependent pathway is challenging for cyanobacteriaaimy mspects. Since this

pathway is derived from strict anaerobes, expressing spéelthavay into cyanobacteria, which
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produce oxygen during photosynthesis, is challenging as enzymes involyedenmegatively
affected by the presence of oxygen. In addition, heterologous pesgeiassion requires careful
modulation. Unfortunately, the ability to control gene expression inatyacteria is limited. In
this article, we successfully express all of the genéisarCoA-dependent n-butanol pathway in
S. elongatus 7942and achieved n-butanol production from £&hd light. We introduce (Fig.
2.1B) hbd crt, andadhE2genes fronC. acetobutylicumtheter gene fromT. denticola and the
atoB gene fromE. coliinto wild-typeS. elongatug942. AtoB is selected for this work because
it has been demonstrated to outperform Thl in previbusli results (18, 27) . In addition, AtoB
(28) has been shown with higher specific activity (1078 U/mg) wherpamed to Thl (216
U/mg) (29). Interestingly, polyhistidine-tag increases the esgiwa of T.d-Ter, which enhances
n-butanol production. By inhibiting the cyanobacteria’s oxygen evolving cayyadifiler growth,

we demonstrate the first production of n-butanol in cyanobacteria.

2.2. Results
2.2.1. Expression of n-butanol pathway genes

The five genes required for n-butanol productiatoB, hbd crt, T.dter, andadhE2 were
cloned into two separate plasmids, pEL5 and pEL14, designed for recombatatiSih (31) and
NSII (32) of theS. elongatug942 genome (Table 2.2). Plasmid pELS5 targeted NSI and harbored
atoB andadhE2under an IPTG inducible promoter, Ptrc, with spectinomycin as tlhiecitt
selection marker. Plasmid pEL14 targeted NSII and harbdreder, crt, hbd under another
IPTG inducible promoter, facO,;, with kanamycin as the selection marker. The gene insertions

(Fig. 2.2A) were then verified by whole cell colony PCR (RA@®B) of transformants obtained
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on antibiotic selection plates. The resulting recombinant strain(Elg 2.2A) was cultured in

liquid BG-11 medium for enzyme assay.

. Modification Ter activity Butanol
Strain NSI NSII production
V)
on Ter (U/me) (mg/L)
Ptrc P lacO,
EL1 Original 3 0.0021 3.0410.41
atoB [adhE2" T.d-ter crt hbd
Codon optimized | Ptrc P lacO,
EL7 for S. elongatus 0.019 3.6710.33
79429 atoB _ - T.d—terap crt hbd
Ptrc P,lacO,
EL13 Gene 0.057 |11.58+0.58
rearrangement T.d-ter hbd crt atoB [ladhE2"
Gene Ptrc P.lacO
EL14 rearrangement + 0.41 13.16 £0.40
i _IW_ otos ladhE2) crt hbd

Strain number (EL)
7 13 14

T ™« atoB

™ «— hbd

Figure. 2.2. Recombinant S. elongatus strain design. A) Schematics of gene amaésgeme
different strains that contain all of the n-butanol production genes. Thiakad, (
aldehyde/alcohol dehydrogenas€eliEd, crotonaseqtt), hydroxybutyryl-CoA dehydrogenase
(hbd), trans-enoyl-CoA reductase (Ttel), codon optimized Ter (T.ter,p), His-tagged Ter
(His-T.d-ten. Error for Ter specific activity is listed in Table 4. One unit (U) is defireed a
umol/min. B) Whole cell PCR with gene-specific primers demonstrated trgratitan of each
gene into the recombinaBt elongatug 942 strains.

Crude extract of strain EL1 was assayed for each enzyneaiotion in the pathway. All

enzyme activities were detectéhble 2.2). Specific activities of AdhE2 and Ter (Table 2.2)
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were two orders of magnitude lower than that of other enzymes ipatiwvay. The enzyme

assay associated with AdhE2 has been previously conducted under anoxic condition (36, 37),

indicating its potential oxygen sensitivity. Howe\&relongatug§942 generates oxygen during

photosynthesis. Thus AdhE2 withB. elongatus/942 were expected to receive exposure of

oxygen, which may have led to its reduction of activity. Therefoeesaught to investigate the

potential oxygen sensitivity of AdhE2 by comparing its activitigsder oxic and anoxic

conditions. The result (Table 2.3) of anoxic AdhE2 enzyme assagamasstent with the result

obtained from the oxic assay, indicating that low AdhE2 activitie® wet completely due to

oxygen sensitivity. Nevertheless, relative specific aotisiof AdhE2, to other enzymes, were

Table 2.2. Enzymatic activities of different strains cultured oxygenically

Strains
Enzyme Wild-type EL1 EL7 EL13 EL14 E. Coli*
AtoB n.d. 0.41 +0.02 0.20 + 0.02 320+10 0.1861 17+2
Hbd n.d. 027+0.002  027+006  029+0.10 G®29| 46%08
Crt n.d. 7.92+0.04 2.90+1.3 200+15  8.8&4 97.9+136
Ter n.d. 0.0021 £0.0015 0.019+0.002 0.057 +H.00.41+0.25 3.7 +0.5
AdhE2 (Bldh)|  nd.  0.0042 +0.0010 Oé?SS‘ff 06983f0¢ 069831101 0.014 + 0.001
AdhE2(Bdh) | 0.0021  0.0084 % 0.0010 Oéc_’ggfoi Oéc_’ggfoi 069831101 0.007 + 0.001

n.d. not detected. Specific activity is givengmol/min/mg crude extract. AtoB, acetyl-CoA acetytisferase;

Hbd, 3-hydroxybutyryl-CoA dehydrogenase;

Crt,

butyraldehyde dehydrogenase; Bdh, butanol dehydaxge

*Data from Shen et al. (2011)

cratse; Ter, trans-2-enoyl-CoA reductase; Bldh,

comparable to that observedHn coli (Table 2.2) by Shen et al. (2011). On the other hand, T.d-

Ter activity, in contrast to the other enzymes, was significdotver than expected when

compared to previouE. coli results (27), which demonstrated T.d-Ter activity comparable to
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that of AtoB and Hbd in the high n-butanol producigg coli strain. Therefore these data

suggested that T.d-Ter could be potential limiting steps for producing n-butanol.

2.2.2. Improvement of Ter activity.

To investigate the cause of low Ter activity, several appesmcwere taken. Ter
homologues fronTreponema vincentii, Fibrobacter succinogenes, Flavobacterium johnsoniae,
and E. gracilis (38) have been identified based on sequence similarity with T.d-Ter. Irugartic
E. gracilis Ter (E.g-Ter) has been expressed in recombiBacbli (38), indicating its potential
for expression in other heterologous hosts. The two Ter homologoes TfrdenticolaandE.
gracilis) were polyhistidine-tagged and expresse8.ielongatu§942. HisT.d-terand Hisk.g
ter were separately cloned into two plasmids, pEL30 and pEL31, respgclihel two plasmids
were then used to recombine the respedBvento wild-typeS. elongatug942 at the NSI site.
The resulting strains, EL9 with His-T.d-Ter and EL10 with Hig-Eer, were analyzed for their
Ter expression by both Western blot and enzyme assay. Weste(figla2.3A) with His-tag
specific probe showed expression of both His-T.d-dret His-E.g-Ter. The expression of His-
T.d-Ter was higher than that of His-E.g-Ter as indicatedhbythicker band in Western blot
analysis (Fig. 2.3A). Furthermore, the expression of both His-T.damdr His-E.g-Ter was
analyzed by theim vitro activity (Fig. 2.3B). Interestingly, strain EL9, expressing-Hid-Ter,
showed Ter specific activity (0.44d4mol/min/mg) comparable to the activities of the other
enzymes (Table 2.2) initially observed in strain EL1. This agtigkceeded the Ter activity
observed from EL1 by more than 100-fold. The His-E.g-Ter, on the other tiamenstrated
lower specific activity (0.06fumol/min/mg) most likely due to less expression. The other genes

of the pathway were then integrated into EL9 at NSII, resulting in Strain EL14.
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Figure 2.3. Expression of His-tagg€&ddenticolaandE. gracilis Ter demonstrated by enzymatic

activity and western blot. A) Analyzed protein samples wetebte fraction of crude extract
from recombinan®. elongatus 794&trains expressing individual enzymes. Lane 1, from the left,
EL9 expressed His-taggdd denticolaTer. Lane 2, EL10 expressed His-tag@edyracilis Ter.
Lane 3, EL11 expressed His-taggéd acetobutylicum HhdLane 4, crude extract from wild-
type S. elongatus 79423howing the absence of non-specific binding of the His-specdluepB)

Ter specific activity of three different strains. In partaculStrain EL9, expressing His-T.d-Ter,
demonstrated highest activity which is more than 100-fold higherth@rof Strain EL1 which
expressed T.d-Ter.

Simultaneously, we varied gene arrangement and optimized codonafsagiter for S.
elongatus 7942 attempting to improve its activity or expression. Strain EL1g. (R.2A)
contained every gene in the pathway at NSI under promoters PtR; lan@,. Strain EL7 (Fig.
2.2A) was constructed with the same gene configuration as &ltdi with the substitution of
T.d-terwith its codon-optimized version (T.d-¢gt These strains were assayed for their enzyme
activities from both oxic and anoxic incubated cultures (Table 2.2 abtk R.3). Ter activity

was highest in strain EL14 (Fig. 2.2A), which expressed His-T.d9TFerefore strain EL14 was

used as the potential production strain.
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Table 2.3. Enzymatic activities of different strains after anoxic incubat

Strain s
Enzyme Wild-type EL1 EL7 EL13 EL14

AtoB n.d. 0.46+0.13 0.44+0.18 471+1.34 6819

Hbd 0.012 + 0.005 0.31+0.10 0.91+0.22 1.08220. 0.91+0.16

Crt n.d. 9.79 + 3.49 26.56 + 9.76 35.71 +9.63 670143

Ter n.d. 0.017 + 0.005 0.023 + 0.006 0.18+0.06  12%0.22
AdhEp (Bldh) n.d. 0.0054 +0.0050  0.0048 +0.0040  0.0027 + (B00®.0010 + 0.0016
AdhEp (Bdh) n.d. 0.0022 £ 0.0007  0.0023 £ 0.0004  0.0011 * (100®.0003 + 0.0001

n.d. not detected. Specific activity is givenumol/min/mg crude extract. AtoB, acetyl-CoA
acetyltransferase; Hbd, 3-hydroxybutyryl-CoA dehydrogenasg;ctbtonase; Ter, trans-2-
enoyl-CoA reductase; Bldh, butyraldehyde dehydrogenase; Bdh, butanol demateg

2.2.3. Dark anoxic incubation led to production of n-butanal

Strain EL14 was tested for n-butanol production under standard oxygeulzaimn in
constant light exposure. However, no n-butanol production was observed botbvircapped
flasks and air-bubbling cultures. To test the effect of oxygen oprtdiction of n-butanol, we
investigated in different culturing conditions. Strain EL14 waswgrounder light with
continuous bubbling of 5% CGQwith 95% N intended to remove oxygen from the culturing
system. However, the effect seemed small as the cultumnatated only 2.2 mg/L (data not
shown) of n-butanol at the end of two weeks of growth. This result seggdsit anoxic
condition may aid butanol production B elongatus/942. We then raised the question of
perhaps bubbling CfN, mixed gas was insufficient to remove oxygen generated from
photosynthesis. Therefore, to further reduce oxygen exposure, a growe ¢0ls, of 4.3) of

EL14 was incubated in dark anoxic condition (Fig. 2.4). n-Butanol accumulation reached 14.5
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Figure 2.4. n-Butanol production from anoxically incubated strain Ebl®ark. n-Butanol
accumulated in culture medium to 14.5 mg/L with continuous decreasd| afeosity from
ODy30 of 3.9 to OD3 of 2.4. Solid line represents n-butanol accumulation. Dashed line
represents cell density measured by,€DError bars represent standard deviation of triplicate
experiments.B) GC measurement of n-butanol accumulation in culture medium. Sgikéng
sample with 0.002% v/v butanol (1:1 volume ratio) showed complete overlapoasdstent
increment of n-butanol peak. Internal standard used was 0.1% 2-methyl-pentanol.

mg/L in seven days while the cell density declined from;Df 3.9 to 2.4. This result
suggested that the production of n-butand@ irlongatug942 is oxygen sensitive.

To test the effect of Ter activity on n-butanol production, strains EL1, EL7, EL13,ld#d E
(Fig. 2.2A) were incubated in the dark anoxic condition. Results PF2p\) showed that EL14
and EL13 produced much better than EL1 and EL7. The production from difésent
recombinant strains positively correlated with their Ter a@wi(Table 2.3), indicating that this
enzymatic step is important in the pathway. However, EL13 and EL14 madunparable
amount of n-butanol while Ter activity of EL13 was about 10-fold lowan that of EL14. This

result indicated that some other bottleneck exists in the patliNesgrtheless, we demonstrated

here that sufficient Ter activity more efficiently directs carbon ftur-butanol.
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Figure 2.5. Condition comparison for n-butanol accumulation in recombinant cyaerda
strain EL14. n-Butanol accumulation was higher under anoxic condition. Anedud€CMU
added had positive correlation with amount of n-butanol produced. Cultureeusted under
various conditions after 2 weeks of growth in light with continuous bublding®% CQ and
95% N, until ODy39 of 4.3. Error bars represent standard deviation of triplicate exg@etsm
Initial culture cell density was Ofyof 4.3

2.2.4. Oxygen inhibits n-butanol production
To further test the effect of oxygen, 3-(3,4-dichlorophenyl)-1,1-dimetagl (DCMU) was

used to inhibit photosystem Il (PSIl). DCMU blocks the plastoquinone rmnsiite of PSII,
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efficiently inhibiting PSII's function and ability to generate gey under light. DCMU was
added to both oxic and anoxic culture of strain EL14 in continuous lighéttd tecygen inhibits
the n-butanol synthesis. If the lack of production in standard light oxygenidition was due to
light-induced regulation, rather than oxygen, then both light oxic and digiitic culture with
DCMU would not produce n-butanol. However, n-butanol accumulated in the dightic
culture with DCMU (Fig. 2.5), suggesting that oxygen, rather than ligiiited the production.
The amount of n-butanol accumulated in the culture medium positivelglai®d with the
amount of DCMU added (Fig. 2.5). This correlation indicated the ®f DCMU only partially
inhibited photosystem Il, allowing the ability of the cells to prodsizell amounts of oxygen.
The cell densities of these cultures remained constant for they$ period, maintaining at
around ODBR3p of 4.3 (Fig. 2.5), indicating the ability of the cell to use photosystermaintain
cellular functions. These results suggested that oxygen playspartant role in the production

of n-butanol in cyanobacteria. Elimination of oxygen was required for n-butanol pmducti

2.3. Discussion

Production of chemicals and fuels from £© advantageous for reducing carbon emission
as well as reducing reliance on petroleum. In this work, we \aathiproduction of n-butanol
from CG, and light. Theoretically, at least 48 photons (Box 2.1) are retjforeproducing one
n-butanol. This photon requirement is identical to that of glucose (TaMle Thus, it is
advantageous to produce n-butanol directly from light rather than dtiawyeglucose and
converting glucose to n-butanol. The per photon value of n-butanol (Zables higher than

that of sugar and octane (39).
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Among the CoA-dependent n-butanol biosynthesis reactions, the crotoAytedaction

has been previously (18) identified as the limiting step in this pathway. Ter (27 A9 dma

Table 2.4. Photons required for producing desirable products

Molecule MoIeE;;/Ir?]rO\I/)Velght Photon required Cost/kg Relative value /photon
Octane 114 100 0.94 1
Sugar 180 48 0.5 1.75
Lactate 90 24 1 3.50
1-Butanol 72 48 1.4 1.96
Isobutanol 72 48 1.4 1.96

demonstrated to outperfor@lostridium Bcd-EtfAB complex by utilizing NADH as the direct
reducing cofactor in effect forcing the reduction irreversibiehls work, we also observed that
this step was a potential bottleneck, as insufficient Ter activity lemlverin-butanol production.
Interestingly, the overall activity of this enzyme was @ased 100-fold by attaching a
polyhistidine-tag tol. d-Ter, and the n-butanol production increased about 5-fold. N-terminus
His-tag has been previously (41) shown to increase expression aie@nAye attributed the Ter
activity increase to similar phenomenon. This result highlightgpdssibility of using protein
fusion as a way to improve expression in metabolic engineering. WoiE. coli Shen et al.
(2011) further increase the metabolic driving force by ardlligibuilding up NADH and acetyl-
COA availability. Such efforts are expected to improve n-butaramymtion in cyanobacteria as
well.

Absence of oxygen is an important factor in the production of n-butanghimbacteria.
While AdhE2 has been purified and assayed only in anoxic atmospheresi(86gsting its
oxygen sensitivity, we were able to detect comparable AdhE2 teginoth under oxic and

anoxic conditions. Therefore, it is unclear whether the potential oxggesitivity of AJhE2 is
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the limitation for oxygenic production of n-butanol. Other factors aglcofactor availability
may contribute to the anoxic requirement of n-butanol production.

In this study, the internal storage of reduced carbon compounds in cytanizbiscdirected
to n-butanol pathway under anoxic condition. This production system could &lelsahd even
advantageous for natural light cycles. In day time, cyanobacedamulate internal storage
reduced carbon. At night, when light energy is not available, cyamsl@agrroduce n-butanol
after removal of oxygen in the system. This system could bmizetil by increasing storage of
reduced carbon. The production described here is similar to that ofgeyd production in
cyanobacteria and algae (42, 43), which also involves inhibition of photoshistece entering
production phase due to the oxygen sensitivity nature of hydrogenases.

The high flux production of isobutyraldehyde and isobutanol (4) demonsthatesigh
efficiency conversion of solar energy into desirable compoundssibfe. Having the same 48
photon requirement as isobutanol, n-butanol production has potential for improvément.
example, expression of a NAD(P) transhydrogenase, sudh asli UdhA or PntAB, will
interconvert NADH and NADPH. This approach is beneficial for pradaodecause NADH is
the cofactor required by this pathway. In addition, changing themenzpfactor dependence
from NADH to NADPH either by bio-prospecting for enzymes thatirzdity use NADPH or by
protein engineering methods (44) would also compensate the cafastti@pancy. For example,
enzymes such as acetoacetyl-CoA reductase (PhaB) (45Riatstonia eutrophand crotonyl-
CoA reductase (Ccr) (46) fror8treptomyces collinusse NADPH as the reducing agent to
catalyze similar reactions as Hbd and Ter, respectively.

As an alternative, purple or green sulfur bacteria may be emgdhesth this pathway to

avoid oxygen sensitivity. Purple and green sulfur bacteria area®seor microaerobes that
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perform anoxygenic photosynthesis by utilizing hydrogen sulfide edtreh donor. In these
organisms, production of n-butanol would not depend on internal storage of rezubed.

Instead, they may directly convert €@to n-butanol.

2.4 Materials and methods
2.4.1. Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich (St. Louis, M®)isher Scientifics
(Pittsburgh, PA) unless otherwise specified. B-PERII proteiraettém reagent was purchased
from Thermo Scientific (Rockford, IL). iProof high-fidelity polymesm SDS-Page gel, and
Bradford reagent were purchased from Bio-Rad (Hercules, Régtriction enzymes, Phusion
DNA polymerase, and ligases were purchased from New EnglandbBi¢lpswich, MA). T5-
Exonuclease was purchased from Epicentre Biotechnologies (MadidpnlLysonase™ was

purchased from EMD Biosciences (San Diego, CA).

2.4.2. Culture medium and condition

All S.elongatus7942 strains were grown on modified BG-11 (1.5 g/L NgNiD0272 g/L
CaCl, 0.012 g/L ferric ammonium citrate, 0.001 g/L.EBTA, 0.040 g/L KHPQ,, 0.0361 g/L
MgSQ,, 0.020 g/L NaCQOs;, 1000x trace mineral (1.43 gsBiOs, 0.905 g/L MnC}-4H,0, 0.111
gL ZnSQ:-7HO, 0.195 g/L NaVoO42H0, 0.0395 g CuSP5H0, 0.0245 ¢
Co(NG;)2-6H0), 0.00882 g/L sodium citrate (30)) agar (1.5% w/v) plates. All S. atasg
7942 strains were cultured in BG-11 medium (Sigma-Aldrich) containing 50 mM Naki@@r

in shake flasks, screw-capped flasks, or Roux culture bottles. Cult@resgrown under 150

45



uE/s/nt light condition at 3@. Cell growth was monitored by measuring @with Beckman

Coulter DU80O0 spectrophotometer.

2.4.3. DNA manipulations

All chromosomal manipulations were carried out by recombination shpthDNA intoS.
elongatus 7948enome at neutral sit.e 1 (NSI)(31) and 1l (NSII) (32). Unlgsscified otherwise,
all plasmid were constructed using the isothermal DNA assembtiod (33). Plasmids were
constructed irE. coli XL-1 strain for propagation and storage (Table 2.5). Gate, adhE2.
were cloned from pJCL17 (18)Genescrt and hbdwere cloned from pEL11 (27), and
Treponema denticoléer (here forth referred to ak.d-ter) was cloned from pIM8 (27). Poly-
His-taggedT .d-ter (His-T.d-ter) was cloned from an expression vector containing this gene that
was cloned previously by inserting the Teaid-gene from pIM8 into pCDF-duet plasmid
(Novagene) between the BamHI and Sall sites. His-tadfjeylena gracilis ter(here forth
referred to as Hi&.g-tef) and His-taggedC. acetobutylicumhbd (His-hbd were cloned in a
similar fashion. Codon optimized. denticola ter(T.d-tepy) for S. elongatus7942 was

synthesized by Genewiz Inc.

2.4.4. Plasmid constructions

The plasmids used and constructed in this work are listed lshe TAS and briefly
described below. Plasmid pEL5 was constructed by insertiatoB8fandadhE2into pAM2991,
between the BamHI and Notl sites, under an IPTG-inducible promaier e atoB-adhE2
fragment was amplified by PCR using primers rEL-56 and5Elwith pJCL17 as the template.

Primer sequences are listed in Table 2.6.
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Plasmid pEL14 was constructed by insertingd.d-ter-crt-hbdfragment between BamHI
and Mlul site of a digested plasmid pYX35. Thel-ter-crt-hbdfragment was amplified via
splicing by overlap extension (SOE) Bfd-ter andcrt-hbd fragment using primers rEL-58 and
rEL-61. TheT.d-terfragment was amplified by using primers rEL-58 and rEL-5% piVI8 as
template. Thert-hbd fragment was amplified with primers rEL-60 and rEL-61 using HE&S
the template.

Plasmid pEL17 was constructed by DNA assembly of two pAM2991f(&@jnents, & .d-
ter-hbd-crt fragment, and a RacO-atoB-adhE2fragment. The two pAM2991 fragments were
separately amplified with primers rEL-202 and rEL-220 for oragrfrent and rEL-219 and
rEL226 for the other with pAM2991 as the template. Theeterhbd-crt fragment was amplified
by SOE of aT.d-ter fragment anchbd-crt fragment using primers rEL-176 and rEL-181. The
T.d-ter fragment was amplified by using primers rEL-176 and rEL-17th wiM8 as the
template. Thénbd-crt fragment was amplified by another SOE using primers rEL-178nd
181. Thehbd fragment was amplified using primers rEL-178 and rEL-179 itL11 as
template as well. Thert fragment was amplified with primers rEL-180 and rEL-181 and pEL11
as template.

Plasmid pEL19 was constructed by DNA assembly of a pEL14 &agmvithoutT.d-ter
and a codon optimize@.d-ter (T.d<er,,) fragment. The pEL14 fragment without wild-tyjed-
ter was amplified by using primers rEL-195 and rEL-217 with pEL14 aseimplate. Thé .d-
tery, fragment was amplified with primers rEL-209 and rEL-218 ancptasmid synthesized by
Genewiz Inc. as the template.

Plasmid pEL30 was constructed by DNA assembly of two pAM299jnfemts and a His-

T.d-ter fragment. The pAM2991 fragments were amplified in the same mamsen the
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construction for plasmid pEL17. The Hisd-ter fragment was amplified by using primers rEL-
192 and rEL-204 with a previously cloned pCDFduet (Novagen) plasmid contalisfigd-ter
as the template.

Plasmid pEL31 was constructed in a similar fashion as plasmi@8(pHt was constructed
by DNA assembly of 2 pAM2991 fragments and a Hig-ter fragment. Primers rEL-192 and
rEL-203 and a pCDFduet plasmid containing Hig-terwere used for the amplification of the
His-E.g-terfragment.

Plasmid pEL32 was also constructed in a similar fashion as pBLBNBA assembly of 2
pAM2991 fragments and a Hifad fragment. The Histbd fragment was amplified by primers
rEL-192 and rEL-205 and a pCDFduet plasmid containinghdsas the template.

Plasmid pEL37 was constructed by DNA assembly of a pEL14 backlsgradnt without
the T.d-ter-crt-hbd genesnd aatoB-adhEZ2crt-hbd fragment. The pEL14 backbone fragment
was amplified by using primers rEL-217 and rEL-253 and pEL14 asethplate. TheatoB-
adhE2crt-hbd fragment was amplified with primers rEL-254 and rEL-255 and pEdd the

template.

2.4.5. Strain construction

The strains used and constructed are listed in Table 2. Brietyn L1 was constructed
by recombination of plasmids pEL5 and pEL14 at NSI and NSII of wpe-§. elongatug942,
respectively (Table 2.5 for relevant genotypes). Strain EL7 wastructed by recombination of
plasmids pEL5 and pEL19 into wild-tyg®. elongatus/942. Strain EL9 was constructed by
recombination of plasmid pEL30 into NSI of wild-tyj® elongatus/942. Strain EL10 was

constructed by recombination of plasmid pEL31 into NSI of wild-tgpelongatug942. Strain

48



EL11 was constructed by recombination of plasmid pEL32 into NSI al-tyde S. elongatus
7942. Strain EL13 was constructed with plasmid pEL17 recombination into NSI siteldypd
S. elongatu¥942 genome. Strain EL14 was constructed by pEL37 recombination stitaira

EL9 at NSII.

2.4.6. PlasmidTransformation

S. elongatus 7942 straingere transformed by incubating cells at mid-log phase;{£d
0.4 to 0.6) with 2ug of plasmid DNA overnight in dark. The culture was then spread on1BG-1
plates with appropriate antibiotics for selection of successftdmbination. For selection and
culture maintenance, 2@y/ml spectinomycin and 10g/ml kanamycin were added into BG-11
agar plates and BG-11 medium where appropriate. Colonies grown on B§ailflaes were
analyzed by PCR using gene-specific primers (Table 2.6) tty veteégration of inserted genes
into the recombinant strain. In all cases, four individual colonies aeatyzed by PCR for

verification. One positive colony was then propagated and tested for downstigenmments.

2.4.7. Western blot analysis

Western blot was performed using standard procedureug?@f soluble protein was
separated by SDS-PAGE. Commercially available His-probB-HR (Thermo Scientific) was
used to detect protein expression of His-tagdeddenticolaTer, E. gracilis Ter, andC.

acetobutylicunHbd. Film exposure time was 5 seconds.

2.4.8. Production of n-butanol
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Seed culture was grown in 250 mL screw-cap bottle untiisp@aches 1.5. The seed
culture was then used to inoculate a new culture which was growm cognuous light and
constant bubbling of 5% CG0D95% N in Roux culture bottle placed vertically. 1 mM IPTG was
added to the culture (O&) of 0.6) for gene induction. The culture was grown to;§Df 3.5-
4.0 at which the culture was used to test n-butanol accumulatioarious conditions and
separated into different test tubes. Dark condition was accomplishedapping the test tubes
with aluminum foil, whereas light condition was done without wrapping. Anogndition was
introduced by purging the head-space of the test tube with,S%H N, mixed gas several
times using the anaerobic chamber (Coy Laboratory Products, @ag condition was

performed by not purging the head space, leaving the space with atmospheric oxygen.

2.4.9. n-Butanol quantification

Culture samples (1 ml) were centrifuged for 5 minutes at 21,180The supernatant (95
uL) was then mixed with 0.1% v/v 2-methyl-pentanoluyly as internal standard. The mixture
was then vortexed and directly analyzed on Agilent GC 6850 systemflaihe ionization
detector and DB-FFAP capillary column (30m, 0.32mm i.d., 0.25 film thickriess) Agilent
Technologies (Santa Clara, CA). n-Butanol in the sample was fiddnind quantified by
comparing to 0.001% v/v n-butanol standard. n-Butanol standard of 0.001% v/v wasggiapar
100-fold dilution of a 0.1% v/v solution. The GC result was analyzeddle#t software Chem
Station (Rev.B.04.01 SP1). Amount of n-butanol in the sample was then eddodested on the
ratio of its integrated area and that of the 0.001% n-butanol standautanol was verified by
addition of 0.002% v/v butanol standard to the sample, showing complete pobetiaeen

butanol peak in the sample and standard.
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Helium gas was used as the carrier gas with 9.52 psi inletupgesbhe injector and
detector temperatures were maintained at 225°C. Injection volumel whas The GC oven
temperature was initially held at 85°C for 3 minutes and thendr&is235°C with a temperature
ramp of 45°C/min. The GC oven was then maintained at 235°C for 1 mirfote lsempletion
of analysis. Column flow rate was 1.7 ml/min. n-Butanol typically aaetention time of 2.745
minutes. The internal standard 2-methyl-pentanol typically hestemtion time of 3.945. The

integrated area for the standard 0.001% v/v n-butanol was usually about 3.36.

2.4.10. Preparation of cell extract for enzyme assays

For aerobic enzyme assays, the crude extract was obtaineellbyng 10 mL of
cyanobacteria culture at Q83 of 1.5. The harvested cells were then resuspended in 3 mL of B-
PERII (Thermo Scientific) solution mixed with lyson&8e After 10 minutes incubation, the
solution was centrifuged. The supernatant was collected to usaZgme assay. For the anoxic
enzyme assays, similar procedure was followed with the erpceptikeeping samples in anoxic
environment. Crude cell extract was prepared by centrifuging 5ofntulture from anoxic
production experiment in 4°C for 20 minutes and resuspended the pellet i. b6B¥PERII
with Lysonas& and 5 mM DTT and incubated in room-temperature for 10 minutes in which the
culture turned clear. The lysed cell extract was then éegéd in 4°C for 20 minutes to remove
cell debris. The supernatant, containing soluble proteins, was usetyone assay. The protein

concentration was determined by Bradford reagent using BSA as standards.

2.4.11. Thiolase (AtoB) assay
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Thiolase activity was measured via the thiolysis direction. @meymatic reaction was
monitored by the decrease of absorbance at 303 nm which correspontwesl result of
acetoacetyl-CoA cleavage (34). The enzymatic reaction wast@utby the addition of the crude
extract. The reaction mixture contained 100 mM Tris-HCI (pH 8.0), M MyCl,, 200 uM

acetoacetyl-CoA and 2QM CoA. Reaction temperature was at@0

2.4.12. 3-hydroxybutyryl-CoA dehydrogenase (Hbd) assay

Hbd activity was measured by monitoring the decrease of lzdosoe at 340 nm which
corresponded to consumption of NADH. The assay was conducted simgegvious reports
(25). The reaction mixture contained 100 mM MOPS (pH 7.0), 200acetoacetyl-CoA, 400

uM NADH. The reaction was initiated at the addition of crude extract.

2.4.13. Trans-2-enoyl-CoA reductase (Ter) assay

Ter activity was also measured by monitoring the decreaabsoirbance at 340nm similar
to the Hbd assay. The assay was conducted similar to previoogsré@6) with slight
modification. The mixture contained 100 mM potassium phosphate buffe6 @t 200uM

Crotonyl-CoA, 40uM NADH.

2.4.14. Crotonase (Crt) assay

The Crt assay was conducted as described previously (35) withr modification. The
assay reaction was monitored by a decrease of absorbance mm26&rresponding to the
disruption of the alpha-beta unsaturation of crotonyl-CoA. The ambsdyre contained 100 mM

Tris-HCI pH 7.6, 20QuM Crotonyl-CoA. The reaction was initiated by addition of the ereym
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The standard curves of crotonyl-CoA and 3-hydroxybutyryl-CoA werestructed by measuring
the absorbance of the two compounds at 263 nm with different concentratiendifference in
the molar absorptivity of the two compounds was used to calculatemoation of crotonyl-

CoA.

2.4.15. Aldehyde/alcohol dehydrogenase assay.

The aldehyde and alcohol dehydrogenase assay of ADhE2 was perfgrmeditoring the
decrease of absorbance in 340 nm, corresponding to the consumption of NADMhsoheance
was monitored by using Beckman-Coulter spectrophotometer DU-800. Ttteomeanixture
contained 100 mM Tris-HCI pH 7.6, 5 mM DTT, 20M NADH, and 200uM butyryl-CoA for
the butyraldehyde dehydrogenase (Bldh) reaction and 10 mM butyraldé&ydlee butanol
dehydrogenase (Bdh) reaction. The total crude cell extrastused instead of only the soluble
fraction. The reaction was initiated by the addition of the suesi@ther butyryl-CoA or
butyraldehyde). To determine the AdhE2 activity in anoxic conditidn,p@cedure was
performed in an anaerobic chamber with the exception of spectrophotometasurement. The
reaction was initiated in the anaerobic chamber. After thorougimgniplastic cap was added
onto the cuvette to prevent and reduce introduction of oxygen. The cuvettieewdaaken out of

the anaerobic chamber and rapidly placed into spectrophotometer for kineticemeasgur

53



Table 2.5. Strains and plasmids used

Strain Relevant genotypes Reference

PCC 7942 Wild-type S.S.Golden

EL1 atoB-adhEZntegrated at NSI andl.d-ter-crt-hbdintegrated at NSIl in PCC7942 genome This work
EL7 Etgﬁ—iidgggr;tgefzrzg:goa;q SSI anery, (optimized forS.elongatu§g942)crt-hbdintegrated at This work

EL9 His-taggedr. denticola ter(His-T.d-ter) integrated at NSl in PCC7942 genome This work
EL10 His-tagge. gracilis ter(His-E.g-tel) integrated at NSl in PCC7943 genome This work
EL11 His-taggedC. acetobutylicunmbd (His-hbd) integrated at NSl in PCC7944 genome This work
EL13 atoB-adhE2-T.d-ter-hbd-cihtegrated at NSl in PCC7942 genome This work
EL14 His-T.d-terintegrated at NSI anatoB-adhE2-crrt-hbdntegrated at NSIl in PCC7942 genome This work
Plasmid Genotypes

pCDF-duet SpecR; plasmid containing poly-His tag Novagen
pPAM2991 Spek; NSI targeting vector; Ptrc (Bngi)and Golden
pYX35 Karf; NSl targeting vector; PLIacOthcL, rbcS Eﬁlrr)]ugltlfh ed)
pJCL17 Amf5; ColE1 ori; RlacO::atoB, adhE2 gggg‘ etal.
pEL11 Amg; ColE1 ori; RlacO;::atoB, adhE2, crt, hbd Shen et al. (2011)
pIM8 Karf%; ColA ori; RlacOy:T.d-ter Shen etal. (2011)
pEL5 Spek, NSI targeting; PtrcatoB, adhE2 This work

pEL14 Karf; NSIl targeting; PlacO::T.d-ter, crt, hbd This work

pEL17 Spek; NS targeting; PtrcatoB, adhE2, PLIacO1::T.d-ter, hbd, crt This work

pEL19 Karf; NSl targeting; PlacOy::T.d-ter,, crt, hbd This work

pEL30 Spek; NSI targeting; Ptrc::His-T-ter This work

pEL31 Spek; NS targeting; Ptrc::His-E-ter This work

pEL32 Spek; NSl targeting; Ptrc::Higbd This work

pEL37 Karf; NSIl targeting; PlacO;::atoB, adhE2, crt, hbd This work

Kar®, kanamycin resistance; Sfespectinomycin resistance; Afmmpicillin resistance.
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Table 2.6. Primers sequences

Primers Sequence (5' -> 3') Used for plasmid
rEL-56 GGGAAAGGATCCATGAAAAATTGTGTCATCGTCAGTGCGG pER
rEL-57 GGGAAAGCGGCCGCTTAAAATGATTTTATATAGATATCCTTAAGITCACTTATA pEL5
rEL-58 GGGAAAGGATCCATGATTGTAAAACCAATGGTTAGGAACAAT pEL14
rEL-59 AGTTCCATGGTATATCTCCTCTAAATCCTGTCGAACCTTTCTACTCG pEL14
{EL-60 éAAGGTTCGACAGGATTTAGAGGAGATATACCATGGAACTAAACAATGTCATC pEL14
rEL-61 GGGAAAACGCGTTTATTTTGAATAATCGTAGAAACCTTTTCCTATT pEL14
ACAGAAGGAGACTTAAGGATCACTAGTATGATTGTAAAACCAATGGTTAGGAA
rEL-176 CAATATT pEL17
CATACCTTTTTCATGGTATATCTCCTACTAGTTTAAATCCTGTCGAACCTTCTAC
rEL-177 pEL17
CTCG
CAGGATTTAAACTAGTAGGAGATATACCATGAAAAAGGTATGTGTTATAGG TGC
rEL-178 AGGTAC pEL17
rEL-179 GGTATATCTCCTCTCGAGTTATTTTGAATAATCGTAGAAACCTITTCCTG pEL17
{EL-180 ATTCAAAATAACTCGAGAGGAGATATACCATGGAACTAAACAATGTCATCC TTG DELL7
AAAAGG
rEL-181 CTAAATACATTCAAATATGTCTATCTATTTTTGAAGCCTTCAATTTTTCTTTTC pEL17
TTGAAGGCTTCAAAAATAGATAGACATATTTGAATGTATTTAGAAAAATAA ACA
rEL-182 AATAGG pEL17
AGCATACTAGAGGATCGGCGGCCGCTTAAAATGATTTTATATAGATATCCTTAA
rEL-187 GTTCAC pEL17
rEL-202 CGATCCTCTAGTATGCTTGTAAACCGTTTT pEL17, pEL30, pEL31, pEL32
rEL-219 CGGTAATACGGTTATCCACAGAATCA pEL17, pEL30, pEL31, pEL32
rEL-220 TGATTCTGTGGATAACCGTATTACCG pEL17, pEL30, pEL31, pEL32
rEL-226 GTGTGAAATTGTTATCCGCTCACAATTC pEL17, pEL30, pEL31, pEL32
rEL-209 TGTTTAGTTCCATGGTATATCTCCTTTAGATGCGGTCAAAACETCAACC pEL19
{EL-218 CTGACCGAATTCATTAAAG AGGAGATATACC DEL19
ATGATCGTAAAACCTATGGTTCGTAACAA
rEL-195 AGGAGATATACCATGGAACTAAACAATGTCATC pEL19
rEL-217 CTTTAATGAATTCGGTCAGTGCGTCCT pEL19, pEL37
rEL-192 AACAATTTCACACAGGAGATATACCATGGGCAGCAGCCATCACATCATC pEL30, pEL31, pEL32
rEL-204 GTTTACAAGCATACTAGAGGATCGTTAAATCCTGTCGAACCTTCTACCTCG pEL30, pEL31, pEL32
rEL-203 GTTTACAAGCATACTAGAGGATCGTTATTGTTGAGCGGCAGASGCAGATCC pEL31
GTTTACAAGCATACTAGAGGATCGTTATTTTGAATAATCGTAGAAACCTTTTCCT
rEL-205 pEL32
GATT
rEL-254 AGGACGCACTGACCGAATTCATTAAAG pEL37
TTTATTTGATGCCTCTAGCACGCGTTTATTTTGAATAATCGTAGAAACCTTITCC
rEL-255 pEL37
TG
rEL-253 ACGCGTGCTAGAGGCATCAAATAAA pEL37
rEL-148 GGGAAAGGATCCATGAAAAATTGTGTCATCGTCAGTGCGG NK; atoB gene specific
rEL-149 GGGAAAGCGGCCGCATTAATTCAACCGTTCAATCACCATCGC N/A; atoB gene specific
rEL-156 GGGAAAGGATCCATGAAAAAGGTATGTGTTATAGGTGCAGGTATATG N/A; hbd gene specific
rEL-157 GGGAAAGCGGCCGCATTATTTTGAATAATCGTAGAAACCTTTCCTG N/A; hbd gene specific
rEL-158 GGGAAAGGATCCATGGAACTAAACAATGTCATCCTTGAAAAGEA N/A; crt gene specific
rEL-159 GGGAAAGCGGCCGCACTATCTATTTTTGAAGCCTTCAATTTTCTTTTC N/A; crt gene specific
rEL-160 GGGAAAGGATCCATGATTGTAAAACCAATGGTTAGGAACAAT N/A; T.d-ter gene specific
rEL-161 GGGAAAGCGGCCGCATTAAATCCTGTCGAACCTTTCTACCTCG N/A; T.d-ter gene specific
rEL-209 TGTTTAGTTCCATGGTATATCTCCTTTAGATGCGGTCAAAACGTCAACC N/A; T.dter, gene specific
CTGACCGAATTCATTAAAG AGGAGATATACC e
rEL-218 N/A; T.d-ter, gene specific

ATGATCGTAAAACCTATGGTTCGTAACAA
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rEL-163 GGGAAAGCGGCCGCATTAAAATGATTTTATATAGATATCCTTAAGTTCAC N/A; adhE2gene specific
rEL-adhE2-f3 TCTTAGATTTGCATTAAAAG N/A; adhE2gene specific
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3. ATP DRIVES DIRECT PHOTOSYNTHETIC PRODUCTION OF N-BUTANOL IN
CYANOBACTERIA
3.1. Introduction

Anoxic incubation in the dark or in light with photosystem Il inhibitiowitshes
cyanobacteria into fermentative condition which enables accumulatioacetlyl-CoA and
NADH as driving forces for downstream n-butanol production. In this @hays engineered a
synthetic pathway which alleviates the need of high acetyl-CoAIppehgineering a malonyl-
CoA dependent pathway using ATP as a driving force for n-butanol production.

n-Butanol can be produced by two distinct routes: the coenzyme A {dapEndent
pathway (1, 2) and the keto acid pathway (3-5). The CoA-dependent pafbiays the
chemistry off-oxidation in the reverse direction, in which acetyl-CoA is condetsddrm
acetoacetyl-CoA and then reduced to n-butanol. The keto acid pathwagsuBitketobutyrate as
an intermediate, which is elongated to 2-ketovalarate usingubméebiosynthesis enzymes. 2-
Ketovalarate is then decarboxylated and reduced into n-butanol. In sachheapathway can be
extended to produce 1-hexanol and other higher alcohols (6-8).

The CoA-dependent reverggoxidation is a natural fermentation pathway used by
Clostridium species (9-11) and has been transferred to various recombinanitrbptes,
resulting in n-butanol titers ranging from 2.5 mg/L to 1.2 g/L witicose as the substrate (12-
16). One of the challenges in transferring this pathway to othganmms lies in the
hydrogenation of crotonyl-CoA to butyryl-CoA catalyzed by the buH@gA
dehydrogenase/electron transferring flavoprotein (Bcd/EtfABhmex. Bcd/EtfAB complex is
difficult to express in recombinant systems, is presumably oxygesitsve (12, 17), and

requires ferredoxin (18). This difficulty was overcome by expressing tramoy-CoA
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Figure 3.1. Redesigning the Clostridium CoA-dependent n-butanol pathwayfeimentative
CoA n-butanol pathway is in blue. Alternative routes are in red.EECpli; RE, R. eutropha
CA, C. acetobutylicumAC, A. caviae TD, T. denticola CS, C.saccharoperbutylacetonicum;
CL190, Streptomycesp. strain CL190atoB thiolase;nphT7 acetoacetyl-CoA synthaseghaB
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CoA dehydrogenasegrt, crotonase;ter, Trans-2-enoyl-CoA reductaséjdh, butyraldehyde
dehydrogenasgiaaHl, 3-hydroxybutyryl-CoA dehydrogenasglhD, NADP-dependent alcohol
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reductase (Ter) (19, 20), which is readily expresseltscherichia coliand directly reduces
crotonyl-CoA using NADH. This modified n-butanol pathwésig. 3.1; outlined in blue) is
catalyzed by five enzymes: thiolase (AtoB), 3-hydroxybutyrgACdehydrogenase (Hbd),
crotonase (Crt), Ter, and bifunctional aldehyde/alcohol dehydrogéhdk&?2). Simultaneously
expressing these enzymes and engineering NADH and acetyl-Cofmalation as driving
forces, n-butanol production with a high titer of 15 g/L and 88% of thiealg/ield has been
achieved usinge. coli in flasks without product removal (19). This result demonstrates the
feasibility of transferring the CoA-dependent pathway to non-natiganisms for high-titer n-
butanol fermentation from glucose.

However, the success of the CoA-dependent pathwgy aoli is not directly transferrable
to photoautotrophs. By expressing the same enzymes in cyanob8gtegizhococcus elongatus

PCC 7942, photosynthetic n-butanol production from @@s barely detectable (21). n-Butanol
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production was achieved by this strain only when internal carborgstonade by C@fixation

in light conditions was fermented under anoxic conditions (21). We hypothesized that both the
acetyl-CoA and NADH pools in this organism under photosynthetic conditoag be
insufficient to drive n-butanol formation. Acetyl-CoA is the precufsorfermentation pathway
and the TCA cycle, both of which are not active in light conditionghEumore, photosynthesis
generates NADPH, but not NADH, and the inter-conversion betweenwthemay not be
efficient enough. Without a significant driving force against ginéavorable thermodynamic
gradient, n-butanol production cannot be achieved. The difficulty of dpkotosynthetic
production of n-butanol is in sharp contrast to the production of isobutanol (4%0 argl
isobutyraldehyde (1,100 mg/L) b$. elongatusPCC 7942 (22), which has an irreversible
decarboxylation step as the first committed reaction to drivfukdéowards the products. This
difference suggests the importance of driving forces in altering theidiret metabolic flux.

We reason that instead of the acetyl-CoA pool, ATP may be tsedrive the
thermodynamically unfavorable condensation of two acetyl-coA masauider photosynthetic
conditions. Thus, we engineered the ATP-driven malonyl-CoA syntlaesisdecarboxylative
carbon chain elongation used in fatty acid synthesis to drive thercfux into the formation of
acetoacetyl-CoA, which then undergoes the rev@regidation to synthesize n-butanol. We
further replaced the subsequent NADH-dependent enzymes with NAl@péhdent ones, and
successfully achieved n-butanol synthesis under photosynthetic conditiotieohy, excess
ATP consumption in the cell might cause a decrease in biomass.Witlusiotable exceptions
(23-26), most metabolic engineering design do not choose to increaBec&isumption.

Although many natural examples of microbes using ATP to drigetimns, most of them are
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highly regulated. Therefore, it is unpredictable whether asible to use ATP consumption to
push flux in a non-native pathway, for which no regulation exists.
3.2. Results
3.2.1. Incorporating an ATP driving force in n-butanol pathway design

The thiolase-mediated condensation of two acetyl-CoA molecuteseassible but strongly
favors the thiolysis of acetoacetyl-CoA. To examine the thermadimproperty of this reaction,

we overexpressed and purified coli thiolase (AtoB) and used an in vitro assay to determine its

equilibrium constant andG”. The result showed that the condensation reaction is unfavorable

(Fig. 3.2) with equilibrium constant ¢4 of (1.1 + 0.2) x10 at pH 8.0, within the optimum pH
range for cyanobacteria (27). This experimentally determing@gpproximately corresponds to
aAG” of 6.8 kcal/mol, consistent with the literature reported iing partially purified thiolase
from pig heart protein homogenate (28). Therefore, without a sifflgilarge acetyl-CoA pool
or an efficient product trap, there is no driving force for the foionaof acetoacetyl-CoA.
Although the irreversible hydrogenation of crotonyl-CoA catalyzedrer provides a driving
force, it is insufficient to drive the reaction forward withoutgkarpools of acetyl-CoA and
reducing equivalent (19).

Instead of using the direct condensation of acetyl-CoA, we contempdatealternative
route through the ATP-driven malonyl-CoA synthesis. Malonyl-Cogyigthesized from acetyl-
CoA, HC(Qy, and ATP by acetyl-CoA carboxylase (Acc). The formation ofomd-CoA is
effectively irreversible due to ATP hydrolysis. In fattyicasynthesis, malonyl-CoA is then
converted into malonyl-acyl carrier protein (ACP) and acthasarbon addition unit for fatty
acid synthesis. For n-butanol synthesis, malonyl-CoA can react ag#tyl-coA in a

decarboxylative condensation to form acetoacetyl-CoA, in a reaction analogotsaiyk&CP
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Figure 3.2. Determination of equilibrium concentrations for the thiol[#d¢eB) mediated
reaction. The equilibrium constantd)Kwas determined from the equilibrium concentratiéhs.
coli AtoB was cloned, purified, and used in an in vitro assay. Detadledittons and methods
are listed.

synthase Il (KAS IIl) that catalyzes the irreversibendensation of malonyl-ACP and acetyl-
CoA to synthesize the four carbon intermediate 3-ketobutyryl-ACP.

We note that the energy release from ATP hydrolyai&®( of -7.3 kcal/mol) would
compensate for the energy required for condensation of acetyl-Cofadetoacetyl-CoA. By
combining the reaction catalyzed by thiolase with ATP hydrol§&. 3.S1), the net reaction is
thermodynamically favorableAG® < 0), which would reduce the need for high concentration of
acetyl-CoA required to push the reaction forward. More importantly; @@ased from the
second step, decarboxylative chain elongation, shifts the reaction toth@rdsrmation of

acetoacetyl-CoA. Fatty acid and polyketide syntheses have matwalved this mechanism to

enable the thermodynamically unfavorable formation of 3-ketoacyl-ACPal&yg advantage of
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this mechanism, it is possible to push the carbon flux to the n-butatimgyawithout the

acetyl-CoA driving force artificially constructed i coli (19).

3.2.2. Expression of acetoacetyl-CoA synthase enables photosynthgiroduction of n-
butanol.

Therefore, we bioprospected for a KAS Il that utilizes mgl®@oA rather than malonyl-
ACP for condensation with acetyl-CoA. Since both ACP and CoA carryppbpantetheine

which forms thioester bond with the malonyl moiety, KAS Il and KINSike enzymes may
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Table 3.1. Specific activities of acetoacetyl-coa synthasasl(min/mg)

Enzyme Specific activity Enzyme Specific activity
Burkholderia ambifaria 0.0116 + 0.0002 Pseudomonas 0.0140 + 0.0010
BAMB6244 aeruginosa PAE-FabH2
Gluconobacter oxydans 0.0099 + 0.0011 Streptomyces n.d
GOX0115 avermitilis SAV-FabH4
Helicobacter pylori n.d Streptomyces n.d
HP0202 coelicolor SCO5858
Listeria n.d Streptomyces sp. 6.02 £0.25
monocytogenes strain CL190
LMO2202 NphT7

also react with malonyl-CoA. We cloned a variety of KAS Hda&KAS llI-like enzymes from
different organisms, and examined their expressiorEincoli (Fig. 3.S2). After His-tag
purification, we assayed their activity for condensing malonyl-@itA acetyl-CoA (Table 3.1).
Among the enzymes tested, NphT7 (29) was the most active. Othenengych as Bamb6244,
GOX0115, and PAE-FabH2 were also active while the rest showed ectatdé activity. The
condensation reaction (Fig. 3.S3) catalyzed by NphT7 using mala#ylabd acetyl-CoA is
irreversible and accumulates acetoacetyl-CoA as the produtiwAdtarting concentrations of
malonyl-CoA, conversion yield to acetoacetyl-CoA is higher thagh hétarting substrate
concentrations. This result is likely due to the fact that Nph3@ edtalyzes malonyl-CoA self
condensation, and is particularly useful for n-butanol synthesis, botbemalonyl-CoA and
acetyl-CoA pools are expected to be lovsirelongatu®CC 7942.

Next, we constructed a plasmid harboring gev@sl 7 hbd, crt, andadhE2under an
IPTG inducible promoter Rc.o1 with Neutral Site 11 (NSIl) recombination sequences flanking
the genes and kanamycin resistance marker (Fig. 3.3). By DNA bgoud recombination, we
integrated these genes into the genom®. aflongatustrain EL9 (expressinggr at Neutral Site

| (NSI) under the control of another IPTG inducible promotgy & NSII and selected for
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Figure 3.4. ATP aided n-butanol production in cyanobacteria. A) In \8sayafor the synthesis
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successful transformant on kanamycin containing BG-11 plates. udeessful transformant

strain EL20 was then analyzed for in-vitro enzyme activity and adolfproduction. As shown

in (Fig. 3.4A), crude extract from strain EL20 catalyzed then&tion of acetoacetyl-CoA by

condensation of malonyl-CoA and acetyl-CoA and did not catalyzeniblgdis of acetoacetyl-

CoA (Fig. 3.4B). On the other hand, crude extract from strain EL14 ssi{pgatoB along with
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hbd crt, ter, and adhE2 catalyzed thiolysis (Fig. 3.4B) much more efficiently than the
condensation reaction (Fig. 3.4A). The two strains EL20 and EL14 exhigtedly identical
growth rate (Fig. 3.4C). However, Strain EL20 produced 6.5 mg/L (FP)3of n-butanol
while Strain EL14 produced only barely detectable amounts (detdictibrof about 1 mg/L) of
n-butanol (Fig. 3.4D). This result indicated that ATP driven acetyaCoA formation is

required for photosynthetic production of n-butanol using the CoA-dependent pathway.

3.2.3. Substitution of NADPH utilizing enzymes aids n-butanol production

Another useful driving force in n-butanol synthesis is the reducingvaegut (19).
Cyanobacteria produce NADPH as the direct result of photosynttesicellular NAD and
NADP" levels exist in a ratio of about 1:10 (30)Snelongatu®CC 7942. Thus NADH utilizing
pathway may be unfavorable in cyanobacteria. To synthesize olee aham-butanol from
acetoacetyl-CoA requires four moles of NADH. Therefore, clmnthie cofactor preference to
NADPH may aid the production of n-butanol.

As depicted in Fig. 3.1 (outlined in red), we identified enzymestutiage NADPH or
both NADPH and NADH by bioprospecting. Acetoacetyl-CoA reductBéaB) (31) was used
to replace Hbd. PhaB frofRalstonia eutroph&s an enzyme found in the poly-hydroxyalkanoate
biosynthetic pathway for reducing 3-ketobutyryl-CoA to 3-hydroxybut@gRA using NADPH.
However, PhaB produces the (R)-stereoisomer of 3-hydroxybutyryl-@etead of the (S)-
stereoisomer produced by Hbd. As a result, Crt cannot be used gubtbequent dehydration to
produce crotonyl-CoA. Therefore, a different crotonase is necekwadehydration of (R)-3-
hydroxybutyryl-CoA. (R)-specific enoyl-CoA hydratase (Pha32)(is found inAeromonas

caviaeand dehydrates (R)-3-hydroxybutyryl-CoA into crotonyl-CoA. Thget PhaB and PhaJ
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can replace Hbd and Crt, respectively, to change the cofactfarence of 3-ketobutyryl-CoA
reduction to NADPH.

To replace AdhE2, NADP-dependent alcohol dehydrogenase (YghD) (88)Er coli
has been demonstrated to aid the production of higher chain alcoholdn(2&jdition, we
needed a CoA-acylating butyraldehyde dehydrogenase (Bldh) to eeplec aldehyde
dehydrogenase function of AdhE2. We thus bioprospected for enzymbgziogtaeduction of
butyryl-CoA to butyraldehyde. Bldh was found in high butanol produ@iogtridium species
including C. beijerinckii NCIMB 8052 (34),C. saccharobutylicunATCC BAA-117, and C.
saccharoperbutylacetonicuhl-4 (35). In particular, Bldh fronE. beijerinckiihas been purified
and demonstrated activiiy vitro with both NADH and NADPH as a reducing cofactor.

Using the sequence d. beijerinckii Bldh, we searched by homology and cloned
additional Bldh-like enzymes from various organisms includinga€charoperbutylacetonicum
NI-4, C. saccharobutylicumATCC BAA-117, Geobacillus thermoglucosidasiu€lostridium
kluyveri andE. coli. We assessed the performance of these Bldh's by n-butanol poodircti

recombinank. coli. As shown in Fig. 3.5, the. coli strain expressing C.
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Strain EL14 EL20 EL18 EL21 EL24 EL23 EL22

1-Butanol production titer (mg/L)
[y
o)

Do ————— ottt JUED O nd
0O 10 200 10 200 10 200 10 200 10 200 10 200 10 20

Time since induction (days)

Enzyme Specific activity (umol/min/mg)

AtoB (73+0.01 N/A 0.62+0.04 N/A N/A 0.69+0.01 N/A
NphT7 0.019+ 0.022+ 0.024+ 0.021+
N/A 0.001 N/A 0.001 0.001 N/A 0.001
o 0.3110.01 0.22%0.01 0.1610.01 0.21+0.01 N/A N/A N/A
(NADH) 31%0. 22%0. 1610, 21%0.
PhaB 0.030* 0.007+ 0.014+
(NADPH) N/A N/A N/A N/A 0.005 0.003 0.005
Crt
(Pha) 41.2+0.7 413103 236127 39.8+33 30.7+5.1 13.7+0.8 25.0+1.8
Ter 1.25%
071+0.14 1.12+031  1.25%051 0.043 1.10£0.20  0.91+0.70 1.18+0.56

Figure 3.6. n-butanol production and enzyme activity of strains expreggiagent enzymes.
Strain genotype is listed in Fig. 3.3C. ExpressionnphT7 enables direct photosynthetic
production of n-butanol under oxygenic condition. Strains EL21 and EL22 exyyéssh and
yghD achieved the highest production.

saccharoperbutylacetonicunl-4 Bldh along with rest of the CoA n-butanol pathway produced
the highest titer of n-butanol, exceeding the n-butanol producedd. lmpli strain expressing
AdhE2 by nearly 3-fold.

To test the effect of cofactor utilization, we constructed varmmmbinations of different

routes by overexpressing different genesSirelongatugFig. 3.3C). We constructed plasmids
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containing different genes and recombined them into the genoBeetingatustrain EL9. We
then assayed the activity of overexpressed enzymes to coaefipnession (Fig. 3.6). Of the
strains tested, strain EL22 expressing the NADPH utilizingymes produced the highest
amount of n-butanol (29.9 mg/L) exceeding that of EL20 (6.4 mg/L) by tian 4-fold. This

result reinforced the importance of cofactor as driving force.

3.3. Discussion

In a metabolic system involving multiple pathways, the directioh rate of each reaction
are determined by kinetics, regulated by the enzyme expressigls hnd metabolite pool sizes.
Typically, a reaction with a large positiveG” is considered practically unfeasible in the
forward direction because it requires high concentrations of thdratghpool to drive the
reaction forward. The condensation of two molecules of acetylHGaetoacetyl-CoA is such
an example. On the other hand, the reverse direction, thiolysis toleet/I-CoA, is readily
achievable and used as the last step irptbridation. However, some fermentative organisms,
such aLClostridiumspecies, use direct acetyl-CoA condensation for n-butanol sysithésse
organisms accomplish this thermodynamically unfavorable reactesumably through a large
pool of acetyl-CoA and high reducing equivalents that drive the subserpaatiions. This
situation was re-created ik. coli expressing the enzymes for n-butanol synthesis (19).
Unfortunately, this strategy cannot be readily implemented in photainitorganisms for
multiple reasons: Acetyl-CoA is a precursor for fermentapathways and the oxidative TCA
cycle, which are not active under photosynthetic conditions. Thus, thd-@oét pool size is
not expected to be high and is difficult to modulate. Instead of usgtgduetyl-CoA pool as a

driving force, here ATP and the evolution of £éffectively drive the reactions towards n-
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butanol synthesis. This strategy is used in fatty acid syntimesaure, and is used to couple the
fatty acid synthesis to the energy status in the cell.

ATP consumption has been used by cells to drive various thermodyhgmica
unfavorable reactions. In engineergd coli, ATP consumption has been used to stimulate
glycolysis by futile cycling (23, 24) or by deletion of membrane-coupling subaniisF)-ATP
synthase (25). Increased ATP consumption by overexpressing entlyatepromote malonyl-
CoA biosynthesis also increased production yield of compounds downstreaaarfyl-CoA
(26). However, additional ATP consumption in heterologous pathways mese cdverse
effects in the cell, and may result in reduced biomass formafiensuch, most metabolic
engineering design models have primarily focused on maximizitgpreayield and minimizing
ATP expenditure. Here we provide a distinct example using ATReothe thermodynamics of
the CoA-dependent n-butanol pathway, which naturally does not reqdaional ATP
consumption. By incorporating an ATP-dependent step into the CoA-dependenano
synthesis pathway, we demonstrated for the first time thet gihetosynthetic production of n-
butanol from CQ.

Direct photosynthetic n-butanol production from £® desirable because it reduces the
number of processing steds. elongatu®CC 7942 is naturally competent and therefore is an
attractive model organism for engineering. The DNA recombinatiethod used in this study
has also been broadly practiced for engineering cyanobacteridnd production of various
chemicals. By metabolic engineering, cyanobacteria has efdsibled the production of
Isobutyraldehyde (1,100 mg/L) (22), isobutanol (450 mg/L) (22), ethanol (530D) r(@p),
ethylene (37 mg/L) (37), isoprene (0.05 mg/g dry cell weight), @8yars (45 mg/L) (39), lactic

acid (56 mg/L) (39), fatty alcohols (0.2 mg/L) (40), and fattida (194 mg/L) (41) from CO
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The pathways for the relatively high production of isobutyraldehistdutanol and ethanol
naturally involve a decarboxylation step as the first commitézattion. The loss of CQOs
considered irreversible and serves as a driving force to the prodonation. Our result is also
consistent with this phenomenon that decarboxylation aids in directing the carbon flux.

Reducing cofactor preference is another important aspect of patresmn. Depending
on the production condition and organisms’ natural physiology, changingt@ofaeference is
necessary to achieve high flux production. For example, changing NA@pehdent enzymes
into NADH-dependent increases the isobutanol productivity and yield anderobic condition
in recombinantE. coli (42) Replacing the Bcd-EtfAB complex that requires an unknown
electron donor with an NADH-dependent Ter is helpful in n-butanol producti®n?0). In
contrast, pathways utilizing NADPH are preferred in cyanobactegcause NADPH is more
abundant. By utilizing NADPH dependent enzymes, our n-butanol production enhaomesi5
mg/L to 29.9 mg/L (Fig. 3.6).

Current limitation of our n-butanol production using cyanobacteria raaid synthesis
of malonyl-CoA. Compared to the high flux production of isobutanol and isoltdgirgde in
cyanobacteria, the carbon flux through our n-butanol pathway is subophfabkinyl-CoA
biosynthesis is considered as the limiting step in fatty agithesis (43). Therefore, increasing
carbon flux towards the synthesis of acetyl-CoA and malonyl-Ca Ioe@ necessary to increase
n-butanol production. Intracellular acetyl-CoA and malonyl-CoA supply b&increased by
increasing CoA biosynthesis (44), overexpression of Acc (45-48)olgtic enzymes such as
phosphoglycerate kinase and glyceraldehyde-3-phosphate dehydro@)ased inhibition of
fatty acid biosynthesis (49). With these approaches, the n-butanol poodunccyanobacteria

may be further improved.
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3.4. Materials and methods
3.4.1. Culture medium and condition

All S.elongatusPCC 7942 strains were grown on modified BG-11 (1.5 g/L NaR@®272
g/L CaCh-2H,0, 0.012 g/L ferric ammonium citrate, 0.001 g/L,EBTA, 0.040 g/L KHPQ,,
0.0361 g/L MgS@ 7H,0, 0.020 g/L NaCQOs, 1000x trace mineral (1.43 gsBlO3;, 0.905 g/L
MnCl;-4H,0, 0.111 g/L ZnS®@7H,0, 0.195 g/L NaMoOy-2H,0, 0.0395 g CuSP5H,0,
0.0245 g Co(NG2-6H0), 0.00882 g/L sodium citrate dihydrate (50)) agar (1.5% w/v) plates.
All' S. elongatu$CC 7942 strains were cultured in BG-11 medium containing 50 mM NaHCO
in 250 mL screw cap flasks. Cultures were grown under mE)@/n? light, supplied by 4
Lumichrome F30W-1XX 6500K 98CRI light tubes, at 30 °C. Cell growth wasitored by

measuring OBy with Beckman Coulter DU800 spectrophotometer.

3.4.2. Production of n-butanol

A loopful of S. elongatug’CC 7942 was used to inoculate fresh 50 mL BG-11. 500 mM
IPTG was used to induce the growing culture at cell densitysgaiof 0.4 to 0.6 with 1 mM
IPTG as final concentration. 5 mL of growing culture was sadhfaecell density and n-butanol
production measurements every two days for up to day 8 after whiopliag time was
switched to every 3 days. After sampling, 5 mL of fresh BG-11 Wil mM NaHCQ,
appropriate antibiotics, and IPTG were added back to the culturehotdor n-butanol

guantification is listed in Sl Text.
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3.4.3. Alcohol production byE. coli expressing butyraldehyde dehydrogenase

E. coli wild type is based on strain BW25113 (55). Transforrgedoli strain JCL299
(AadhE AldhA, Afrd, Apta) was selected on LB plate supplemented with ampicillin (ifthL)
and kanamycin (5@g/mL). Three colonies were picked from the plate to make overpight
culture. The pre-cultures were then used to inoculate 5 mL offi€droth (TB; 12g tryptone,
249 yeast extract, 2.31g KPQ,, 12.54g KHPQO, 4 mL glycerol per liter of water)
supplemented with 20 g/L glucose. Growing culture was then induced”MitG at ORoonm Of
0.6 with 0.1 mM final IPTG concentration. After allowing 1 hour of protexpression, the
cultures were then switched to anaerobic condition by purging witlgad using anaerobic
chamber. After two days of fermentation, culture sample (2 mk)cgatrifuged for 5 minutes at
21,130 x g. The supernatant was analyzed by GC following the sathedras that described

above in n-butanol quantification.

3.4.4. Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich (St. Louis, M®)isher Scientifics
(Pittsburgh, PA) unless otherwise specified. iProof high-fid&i§A polymerase was purchased
from Bio-Rad (Hercules, CA). Restriction enzymes, Phusion DNAmpetgse, and ligases were
purchased from New England Biolabs (Ipswich, MA). T5-Exonucleeas purchased from
Epicentre Biotechnologies (Madison, WI). KOD and KOD xtreme Dpl#lymerases were

purchased from EMD biosciences (Gibbstown, NJ).
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3.4.5. DNA manipulations

All chromosomal manipulations were carried out by homologous recontdniratplasmid
DNA into S. elongatu®?CC 7942 genome at neutral site | (NSI) (51) and Il (NSII). (B2)
plasmid were constructed using the isothermal DNA assembliioohgb3). Plasmids were

constructed irkE. coli XL-1 strain for propagation and storage (Table 3.S1).

3.4.6. Plasmid constructions

The plasmids used and constructed in this work are listed ire TaBll and briefly
described below. The sequences of primers used are listed in 38BlePlasmid pEL29 was
synthesized by Genewiz Inc. Plasmid pEL52 was synthesized by DNA 2.0.

Plasmid pEL53 was constructed by assembling a nphT7 fragment@aidla without
atoB fragment. nphT7 fragment was amplified by PCR with psmeL-335 and rEL-336 with
pPEL52 as template. pEL11 without atoB fragment was amplified@fy ®ith primers rEL-333
and rEL-334 with pEL11 as template.

Plasmid pEL54 was constructed by assembling a bldh fragmeghafyagment, and a
pEL11 without adhE2 fragment. bldh fragment was amplified by PCRpuitmers rEL-329 and
rEL-330 with Clostridium saccharoperbutylacetonicuniNI-4 genome as template. yghD
fragment was amplified by PCR with primers rEL-331 and 83R-with E. coli genome as
template. pEL11 without adhE2 fragment was amplified by PCR withepps rEL-327 and rEL-
328 with pEL11 as template.

Plasmid pEL56 was constructed by assembling a NSII vectgmé&at and a pEL53

coding sequence fragment. NSIlI vector fragment was amplified@fy with primers rEL-217
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and rEL-253 with pEL37 as template. pEL53 coding sequence fragmesramgaified by PCR
with primers rEL-254 and rEL-255 with pEL53 as template.

Plasmid pEL57 was constructed by assembling a NSII vectgméat and a pEL54
coding sequence fragment. NSIlI vector fragment was amplified@fy with primers rEL-217
and rEL-253 with pEL37 as template. pEL54 coding sequence fragmeramgaified by PCR
with primers rEL-254 and rEL-255 with pEL54 as template.

Plasmid pEL59 was constructed by assembling a NSII vectgméat, a pEL54 coding
sequence without atoB fragment, and a nphT7 fragment. NSII vectordragvas amplified by
PCR with primers rEL-217 and rEL-253 with pEL37 as template. pEL54ngosequence
without atoB fragment was amplified by PCR with primers 832- and rEL-255 with pEL54 as
template. nphT7 fragment was amplified by PCR with primers rEL-254 and rEL-351.

Plasmid pEL70 was constructed by assembling a pEL59 without crttAgohdént and a
phaJd.phaB fragment. pEL59 without crt.hbd fragment was amplified byviAtBRbrimers rEL-
390 and rEL-391 with pEL59 as template. phaJ.phaB fragment was achifiCR with
primers rEL-392 and rEL-393 with pEL29 as template.

Plasmid pEL71 was constructed by assembling a pEL57 without crttAgohdént and a
phaJd.phaB fragment. pEL57 without crt.hbd fragment was amplified byviAt®Rbrimers rEL-
390 and rEL-391 with pEL57 as template. phaJ.phaB fragment was achifiCR with
primers rEL-392 and rEL-393 with pEL29 as template.

Plasmid pEL73 was constructed by assembling a pEL56 without crttAgohdént and a
phaJd.phaB fragment. pEL56 without crt.hbd fragment was amplified byviAt®Rbrimers rEL-
390 and rEL-398 with pEL56 as template. phaJ.phaB fragment was achifiCR with

primers rEL-399 and rEL-393 with pEL70 as template.
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Plasmids pEL75, pEL76, pEL77, pEL78, pEL79, and pEL80 were constructed by
assembling a pDK26 withouadhE2 fragment and an aldehyde dehydrogenase gene from
Clostridium  saccharoperbutylacetonicumNI-4,  Clostridium  Kluyveri,  Geobacillus
thermoglucosidasius, Escherichia coli, Clostridium beijerinckii NCIBB2, and Clostridium
saccharobutylicum ATCC BAA-Llréspectively. pDK26 withowtdhE2fragment was amplified
by PCR wusing primers rEL-403 and rEL-404 with pDK26 as template. C.
saccharoperbutylacetonicuidi-4 bldh fragment was amplified by primers rEL-332 and rEL-
394 with C.saccharoperbutylacetonicuil-4 genome as templat€. Kluyveribldh fragment
was amplified by primers rEL-405 and rEL-406 with C. kluyveri geaoas templateG.
thermoglucosidasiubldh fragment was amplified by primers rEL-407 and rEL-408 v@th
thermoglucosidasiugenome as template. coli EutEfragment was amplified by primers rEL-
409 and rEL-410 withe. coli genome as templat€. beijerinckii NCIMB 8052 bldHragment
was amplified by primers rEL-411 and rEL-412 with beijerinckii NCIMB 8052genome as
template.C. saccharobutylicum ATCC BAA-117 blélagment was amplified by primers rEL-
413 and rEL-414 witlC. saccharobutylicum ATCC BAA-1fénome as template.

Plasmids pEL90 to pEL96 were constructed by assembling the K&Igenes with a
vector fragment. Vector fragment was amplified with prim&is-455 and rEL-456 with pCS27
as the templatdbamb6224vas amplified with primers rEL-457 and rEL-458 wilrkholderia
ambifaria gDNA as templategox0115was amplified with primers rEL-459 and rEL-460 with
Gluconobacter oxydangDNA as templatehp0202was amplified with primers rEL-461 and
rEL-462 withHelicobacter pylorigDNA as templatdmo2202was amplified with primers rEL-
463 and rEL-464 withListeria monocytogenegDNA as templatepae-fabH2was amplified

with primers rEL-467 and rEL-468 withRseudomonas aeruginogdNA as templatesav-fabH4

79



was amplified with primers rEL-469 and rEL-470 wi8treptomyces avermitiligDNA as
template. sco5888 was amplified with primers rEL-471 and rEL-472 witbtreptomyces

coelicolorgDNA as template.

3.4.7. Strain construction and transformation

The strains used and constructed are listed in Table 3.S1. Brigthyn €L18 was
constructed by recombination of plasmids pEL57 NSII of Strain Hlable 3.S1 for relevant
genotypes). Strain EL20 was constructed by recombination of plagp&ids6 into NSII of
strain EL9. Strain EL21 was constructed by recombination of plag&idS9 into NSII of strain
EL9. Strain EL22 was constructed by recombination of plasmids pEitGINSII of strain EL9.
Strain EL23 was constructed by recombination of plasmids pEL71 intb dfiStrain ELO9.
Strain EL24 was constructed by recombination of plasmids pEL73 into NSII of sti@in E

S. elongatusPCC 7942strains were transformed by incubating cells at mid-log phase
(ODy3p 0of 0.4 to 0.6) with 21g of plasmid DNA overnight in dark. The culture was then spread
on BG-11 plates supplemented with appropriate antibiotics for meledf successful
recombination. For selection and culture maintenancgug2®l spectinomycin and 10g/ml
kanamycin were added into BG-11 agar plates and BG-11 medium wipeop@aate. Colonies
grown on BG-11 agar plates were grown in liquid culture. Genomié Dids then prepared
from the liquid culture and analyzed by PCR using gene-specifitemi(Table 3.S2) to verify
integration of inserted genes into the recombinant strain. In akcé&sur individual colonies

were analyzed and propagated for downstream tests
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3.4.8. Protein Purification and SDS-PAGE

Protein purification was done by using His-Spin Protein minipredigation kit from
Zymo following manufacturer's manual. Overnight culture of XL-1 bkteains harboring
individual plasmid of pEL90 to pEL96, each encodes for a particular KIA&kdlenzyme, was
used to inoculate fresh 20 ml LB. The newly inoculated culture nasbated at 37°C until
ODggonm reaches 0.6 which was then induced with 1 mM IPTG. The inducedecwtrne then
incubated in 30°C shaker for 2 hours to allow protein expression. The cuHtarthen harvested
by centrifugation at 5,250 x g for 20 min. The pellet was then resugpenttelmL of 100 mM
Tris-HCI pH 7.6 and mixed with 1mL of 0.1 mm glass beads (Biospé®.sample was then
homogenated using mini bead beater (biospec). Total protein was thetecblSoluble protein
was collected after centrifugation. Purified protein was cabtecafter His-spin column
purification. The protein samples were then ran on SDS-PAGE usmgnercially available

precast gels (Biorad) following standard protocol.

3.4.9. Enzyme assays

Enzyme assays were conducted by using Bio-Tek PowerWave XSophate
spectrophotometer. Thiolase activity was measured via both condensatibrofysis direction.
The enzymatic reaction was monitored by the increase or decoéabsorbance at 303 nm
which corresponded to the result of Mgoordination with the diketo moiety of acetoacetyl-
CoA (54). The enzymatic reaction was initiated by the additiorhefenzyme. For purified
enzyme reaction, the reaction mixture contained 100 mM Tris-HCIg0H 20 mM MgCy,
equimolar acetoacetyl-CoA and CoA. For the crude cyanobactersceassay, same buffer was

used with 20QuM acetoacetyl-CoA and 300M CoA. Crude extract of strains EL22 (21§),
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EL14 (5.0ug), and Wild-type (2.419) were used for assay. Concentration of acetoacetyl-CoA
was calculated based on a constructed standard curve.

Acetoacetyl-CoA synthase activity was measured by monitothey increase of
absorbance at 303 nm which corresponds to appearance of acetoacetyh€awdaction buffer
is the same as that used for thiolase assay. Equimolar m&oAyand acetyl-CoA were used
for purified enzyme assay, while 48 of both malonyl-CoA and acetyl-CoA were used for
crude extract assay. Crude extract of strains EL221§2,7EL14 (50ug), and Wild-type (2419)
were used for assay.

Enzyme assays for the other enzymes were conducted as previously descjibed (21

3.4.10. n-Butanol quantification

Culture samples (5 mL) were centrifuged for 20 minutes at 5,250 kegsupernatant (900
uL) was then mixed with 0.1% v/v 2-methyl-pentanol (109 as internal standard. The mixture
was then vortexed and directly analyzed on Agilent GC 6850 systemflaihe ionization
detector and DB-FFAP capillary column (30m, 0.32mm i.d., 0.25 film thickriess) Agilent
Technologies (Santa Clara, CA). n-Butanol in the sample was fiddnnd quantified by
comparing to 0.001% v/v n-butanol standard. n-Butanol standard of 0.001% v/v wasggit@par
100-fold dilution of a 0.1% v/v solution. The GC result was analyzeddle#t software Chem
Station (Rev.B.04.01 SP1). Amount of n-butanol in the sample was then eddodested on the
ratio of its integrated area and that of the 0.001% n-butanol standard.

Helium gas was used as the carrier gas with 9.52 psi inletupgesbhe injector and
detector temperatures were maintained at 225°C. Injection volumel was The GC oven

temperature was initially held at 85°C for 3 minutes and thendr&is235°C with a temperature
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ramp of 45°C/min. The GC oven was then maintained at 235°C for 1 mirfote lsempletion

of analysis. Column flow rate was 1.7 ml/min.
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3.5. Appendices

Table 3.S1. Strain and plasmid list

Strain Relevant genotypes Reference

Cyanobacteria Strains

PCC 7942 Wild-typ&Synechococcus elongatB€C 7942 S.S.Golden

EL9 Prc:: His-taggedT. denticola teintegrated at NSI in PCC7942 genome (21)

EL14 Pr:: His-taggedT. denticola teintegrated at NSl and (21)
Puacor:atoB, adhE2, crt, hbehtegrated at NSl in PCC7942 genome

EL18 Prc:: His-taggedT. denticola teintegrated at NSI and This work
PLiacos::atoB, bldh, yghD, crt, hbihtegrated at NSIl in PCC7942 genome

EL20 Pr:: His-taggedT. denticola teiintegrated at NSl and This work
Pliacor:nphT7, adhE2, crt, hbihitegrated at NSIl in PCC7942 genome

EL21 Prc:: His-taggedT. denticola teintegrated at NSI and This work
Pliacor::nphT7, bldh, yghD, crt, hbidtegrated at NSl in PCC7942 genome

EL22 Pr:: His-taggedT. denticola teintegrated at NSl and This work
Pliacor::nphT7, bldh, yghD, phaJ, phaitegrated at NSIl in PCC7942 genome

EL23 Prc:: His-taggedT. denticola teintegrated at NSI and This work
PLacos:atoB, bldh, yghD, phaJ, phaBtegrated at NSIl in PCC7942 genome

EL24 Pr:: His-taggedT. denticola teiintegrated at NSl and This work
Puacor:nphT7, adhE2, phal, phaBtegrated at NSIl in PCC7942 genome

E. coli strains

BW25113 Bt AlaCZWJle hSdF514AaraBAD\H33 ArhaBAD_Dm (58)

XL-1 blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relATRaproAB lacfZAM15 Tn10(Tet)] Stratagene

JCL299 BW25113AldhA AadhEAfrdBC Apta/ F' [iraD36, proAB+, lact ZAM15 (Tef)] (29)

Plasmid genotypes Reference

pCDFDuet Spét, CDF ori; R7:MCS Novagen

pCDF-nphT7 Spe€; CDF ori; R;:nphT7(his tagged) This work

pCDF-atoB Spét, CDF ori; R+::atoB (his tagged) This work

pCSs27 Kan®; P15A ori; Riacor:MCS This work

pCS138 Cn; SC101 ofi; Bacor:fdh (29)

pDK26 AmpR; ColE1 ori; Riacor:bktBadhE2crt.paaH1 This work

pEL11 Amp®, ColE1 ori; Riacor:atoB.adhE2.crt.hbd (29)

pEL29 Kan®; pUC ori; ccr-phaJ-phaB This work

pEL37 Kan’; NSlI targeting; Baco:::atoB.adhE2.crt.hbd (21)

pEL52 Amp®, pUC ori; Bs::nphT7 This work

pEL53 AmpR; ColE1 ori; Riacor:nphT7.adhE2.crt.hbd This work

pEL54 Amp®; ColE1 ori; Rixcor:atoB.bldh.yghD.crt.hbd This work

pEL56 Kar®; NSl targeting; Bacoz::nphT7.adhE2.crt.hbd This work

pEL57 Kar®; NSl targeting; Bacoz::atoB.bldh.yghD.crt.hbd This work

pEL59 Karf; NSl targeting; Bacoz:nphT7.bldh.yghD.crt.hbd This work

pEL70 Kan®; NSl targeting; Bacoz::nphT7.bldh.yghD.phal.phaB This work
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pEL71 Kar®; NSl targeting; Baco:::atoB.bldh.yghD.phaJ.phaB This work

pEL73 Karf; NSl targeting; Bacoz::nphT7.adhE2.phal.phaB This work
pEL75 AmpR; ColE1 ori; Riacor:bktB.bldh.yghD.crt.paaH1 This work
pEL76 Amp®; ColE1 ori; Riacor:bktB.aldh(CK).yghD.crt.paaH1 This work
pEL77 Amp®, ColE1 ori; Riacor:bktB.aldh(GT).yghD.crt.paaH1 This work
pEL78 AmpR; ColE1 ori; Riacor:bktB.eutE.yghD.crt.paaH1 This work
pEL79 Amp®, ColE1 ori; Riacor:bktB.aldh(CB).crt.paaH1 This work
pEL80 AmpR; ColE1 ori; Riacor:bktB.aldh(BAA117).yghD.crt.paaH1 This work
pEL90 Kar®; P15A ori; Riacor:bamb6224 (his-tagged) This work
pEL91 Karf; P15A ori; Riaco1::90ox0115 (his-tagged) This work
pEL92 Karf; P15A ori; Riacor:hp0202 (his-tagged) This work
pEL93 Kanf; P15A ori; Riaco1::im02202 (his-tagged) This work
pEL94 Karf; P15A ori; Racor:pae-fabH2 (his-tagged) This work
pEL95 Kan®; P15A ori; Riacor:savfabH4 (his-tagged) This work
pEL96 Kan®; P15A ori; Riacor:5c05888 (his-tagged) This work

Karf, kanamycin resistance; Afyampicillin resistance.

atoB (E. coli), thiolasenphT7(Streptomycesp. strain CL190), acetoacetyl-CoA synthadeB (R. Eutrophd, acetoacetyl-CoA reductagghal
(A. caviag, (R)-specific enoyl-CoA hydrataskbd (C. acetobutylicuf 3-hydroxybutyryl-CoA dehydrogenasat (C. acetobutylicum
crotonaseter (T. denticold, Trans-2-enoyl-CoA reductadadh (C. saccharoperbutylacetonicynbutyraldehyde dehydrogenagpaaH1(R.
eutrophg, 3-hydroxybutyryl-CoA dehydrogenasghD (E. col), NADP-dependent alcohol dehydrogenastE2(C. acetobutylicum
bifunctional alcohol/aldehyde dehydrogendsieb (R. Eutrophg, thiolasealdh (C. kluyver, C. beijerinckii, C. saccharobutylicunor G.
thermoglucosidasiysaldehyde dehydrogenasetE (E. coli), aldehyde dehydrogenase; KASIII like enzynteanb6224 (Burkholderia
ambifaria), gox0115 (Gluconobacter oxydans), hpOg@icobacter pylori), Imo2202 (Listeria monocy&rgs), pae-fabH2 (Pseudomonas
aeruginosa), sav-fabH4 (Streptomyces avermit#iep5888 (Streptomyces coelicolor).
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Table 3.S2. Primer Sequences

Primers Sequence (5' -> 3') Used for plasmid

rEL-333 TTGCGCTGATCGAGTGGTAAGCATGCAGGAGAAAGGTACCATGAAAG PEL53

rEL-334 ATGCGGAAGCGGACGTCGGTCATGGTACCTTTCTCCTCTTTARGAATTCGGTC PELS3

rEL-335 CCGAATTCATTAAAGAGGAGAAAGGTACCATGACCGACGTCCGCTTCCGCACA  PELS53;nphT7gene specific

rEL-327 AGGAGATATACCATGGAACTAAACAATGTCATCC pEL54

rEL-328 TTAATTCAACCGTTCAATCACCATCGC pEL54
GGTTGAATTAAGCATGCAGGAGAAAGGTACCATGATTAAAGACACGCTAGTTTCTA

rEL-329 TAAC pEL54

rEL-330 GTTGTTCATGGTATATCTCCTTTAACCGGCGAGTACACATCTTCTTTGTC pEL54

rEL-331 GTACTCGCCGGTTAAAGGAGATATACCATGAACAACTTTAATCTGCACACCCC PEL54; yghD specific
TTGTTTAGTTCCATGGTATATCTCCTTCTAGATTAGCGGGCGGCTTCGTAATACGG

rEL-332 CGG PEL54; yghD specific

rEL-217 CTTTAATGAATTCGGTCAGTGCGTCCT pEL56, pEL57, pEL59

rEL-253 ACGCGTGCTAGAGGCATCAAATAAA PEL56, pEL57, pEL59

rEL-254 AGGACGCACTGACCGAATTCATTAAAG pEL56, pEL57, pEL59

rEL-255 TTTATTTGATGCCTCTAGCACGCGTTTATTTTGAATAATCGTAGAAACCTTTITCCTG pEL56, pEL57, pEL59

rEL-351 CATGGTACCTTTCTCCTGCATGCTTACCACTCGATCAGCGCAXGCTCGC pEL59

rEL-352 TAAGCATGCAGGAGAAAGGTACCATGATTAAAGACACGCTAGTTTC pEL59

rEL-390 TAAACGCGTGCTAGAGGCATCAAATA pEL70, pEL71, pEL73

rEL-391 GCAGACATGGTATATCTCCTTTAGCGGGCGGCTTCGTATATACGGC pEL70, pEL71

rEL-392 ACGAAGCCGCCCGCTAAAGGAGATATACCATGTCTGCGCAATC pEL70, pEL71

rEL-393 TTGATGCCTCTAGCACGCGTTTAACCCATGTGCAGACCACCGTTC pEL70, pEL71, pEL73

rEL-398 CATGGTATATCTCCTTTAAAATGATTTTATATAGATATCCTTAAGTTCAC pEL73

rEL-399 ATATCTATATAAAATCATTTTAAAGGAGATATACCATGTCTGCGC pEL73

rEL-403 TAAAGGAGATATACCATGAACAACTTTAATCTGC PEL75, pEL76, pEL77, pEL78,

pEL79, pEL80
rEL-404 CTTTCTCCTGCATGCTTAGATACGC PEL75, pEL76, pEL77, pEL78,
pEL79, pEL80

TTGTTTAGTTCCATGGTATATCTCCTTCTAGATTAGCGGGCGGCTTCGTAATACGG

rEL-332 CGG pEL75

rEL-394 ATGCAGGAGAAAGGTACCATGATTAAAGACACGCTAGTTTCTATAAC pEL75
AGCGTATCTAAGCATGCAGGAGAAAGGTACCATGGAGATAATGGATAAGGACTTA

rEL-405 CAGTC PEL76

rEL-406 TAAAGTTGTTCATGGTATATCTCCTTTAAAGATTTAATTTAGCCATTATAG CTTTTAC pEL76
GTATCTAAGCATGCAGGAGAAAGGTACCATGGATGCACAAAAAATTGAGAAACTT

rEL-407 G pEL77

rEL-408 AGTTGTTCATGGTATATCTCCTTTATCTTATCGACAAAGCATCCACTAGG PEL77
CGTATCTAAGCATGCAGGAGAAAGGTACCATGAATCAACAGGATATTGAACAGGT

rEL-409 G pEL78

rEL-410 TTGTTCATGGTATATCTCCTTTAAACAATGCGAAACGCATCGACTA pEL78
TCTAAGCATGCAGGAGAAAGGTACCATGAATAAAGACACACTAATACCTACAACT

rEL-411 AAAG pEL79

rEL-412 TAAAGTTGTTCATGGTATATCTCCTTTAGCCGGCAAGTACACATCTTCTTTG pEL79
GTATCTAAGCATGCAGGAGAAAGGTACCATGAATAATAATTTATTCGTGTCACCAG

rEL-413 AAAC pEL8O
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rEL-414

rEL-455
rEL-456
rEL-457
rEL-458
rEL-459
rEL-460
rEL-461
rEL-462
rEL-463
rEL-464
rEL-467
rEL-468
rEL-469
rEL-470
rEL-471

rEL-472
rEL-148

rEL-149
rEL-157

rEL-158

rEL-160
rEL-161
rEL-162

rEL-163
rEL-323

rEL-326
rEL-349

rEL-350

TAAAGTTGTTCATGGTATATCTCCTTTAGCCTACGAACACACACCTTCTTIGTC
GCTGTGGTGATGATGGTGATGGCTGCTGCCCATGGTACCTTTCTCCTCTARTGAA

TTC

CGCGTGCTAGAGGCATCAAATAAAAC
ATCACCATCATCACCACAGCATGGCGGAAATCACCGGCGCGGEA
TTTGATGCCTCTAGCACGCGCTACCAGCGAATCAACGCCGCCCCCCA
ATCACCATCATCACCACAGCATGTCCGATCCCATTCGTGTCCOGCT
TTTGATGCCTCTAGCACGCGTTACATCCGGATAAGGGCGGATCCCCA
ATCACCATCATCACCACAGCATGGAATTTTACGCCTCTCTTAATCCATT
TTTGATGCCTCTAGCACGCGCTAACTTCCTCCAAAATACACCAACGCT
ATCACCATCATCACCACAGCATGAACGCAGGAATTTTAGGAGRAGGTAAA
TTTGATGCCTCTAGCACGCGTTACTTACCCCAACGAATGATTAGGGC
ATCACCATCATCACCACAGCATGCCGCGCGCCGCCGTGGTCT
TTTGATGCCTCTAGCACGCGTCAGTCCATTGTCGGAACGATCTTC
ATCACCATCATCACCACAGCATGTCCCCTACCGCCGCCGGTTT
TTTGATGCCTCTAGCACGCGTCATGACGTCGTCCGTTCTCCTTGG
ATCACCATCATCACCACAGCATGACCCGGGCGTCCGTGCTGAI:

TTTGATGCCTCTAGCACGCGTCAGACCGGATCGACGGCGGGCCAG
GGGAAAGGATCCATGAAAAATTGTGTCATCGTCAGTGCGG

GGGAAAGCGGCCGCATTAATTCAACCGTTCAATCACCATCGC
GGGAAAGCGGCCGCATTATTTTGAATAATCGTAGAAACCTTTTCCTG

GGGAAAGGATCCATGGAACTAAACAATGTCATCCTTGAAAAGGA

GGGAAAGGATCCATGATTGTAAAACCAATGGTTAGGAACAAT
GGGAAAGCGGCCGCATTAAATCCTGTCGAACCTTTCTACCTCG
GGGAAAGGATCCATGAAAGTTACAAATCAAAAAGAACTAAAAC AAAAGC

GGGAAAGCGGCCGCATTAAAATGATTTTATATAGATATCCTTAAGTTCAC
GGGAAAGGATCCGATGTCTGCGCAATCTCTCGAAGTTG

GGGAAAAAGCTTTTAACCCATGTGCAGACCACCGTTC
GGGAAAGAATTCGATGATTAAAGACACGCTAGTTTCTATAAC
GGGAAAAAGCTTTTAACCGGCGAGTACACATCTTCTTTGTC

87

pPEL8O

PEL90 - 96
PEL90 - 96
pEL90
pEL90
pEL91
pEL91
pEL92
pEL92
pEL93
pEL93
pEL94
pEL94
pEL95
pEL95
pEL96
pEL96
N; atoB gene specific

N/A; atoB gene specific

N/A; crt.hbd fragment specific

N/A; crt.hbdfragment specific

N/A,; ter gene specific
N/A; ter gene specific
N/A; adhE2gene specific

N/A; adhE2gene specific
N/A; phad.phaBfragment
specific

N/A; phaJd.phaBfragment
specific

N/A; bldhgene specific

N/A; bldhgene specific
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Figure 3.S3. In vitro assay of purified acetoacetyl Ceyithase (NphT7). Equimolar acetyl C
0A and malonyl CoAof different concentration were used with 100 mM -Tris H@H 20
mM MgCl,. Reaction was conducted at room temperature using spectrophotometer.

89



3.6. Reference

1. Papoutsakis ET (2008) Engineering solventogenic clostridia. Curr OpitecBnol
19(5):420-429.

2. Ezeji TC, Qureshi N, & Blaschek HP (2007) Bioproduction of butanol framass:
from genes to bioreactors. Curr Opin Biotechnol 18(3):220-227.

3. Atsumi S, Hanai T, & Liao JC (2008) Non-fermentative pathwayssyothesis of
branched-chain higher alcohols as biofuels. Nature 451(7174):86-89.

4. Atsumi S & Liao JC (2008) Directed Evolution of Methanococcus jamaSitramalate
Synthase for Biosynthesis of 1-Propanol and 1-Butanol by Escherichia coliEApipbn
Microbiol 74(24):7802-7808.

5. Shen CR & Liao JC (2008) Metabolic engineering of Escherialidar 1-butanol and
1-propanol production via the keto-acid pathways. Metab Eng 10(6):312-320.

6. Dekishima Y, Lan EIl, Shen CR, Cho KM, & Liao JC (2011) Extending Ca@iiain
Length of 1-Butanol Pathway for 1-Hexanol Synthesis from Gludnsd=ngineered
Escherichia coli. J Am Chem Soc 133(30):11399-11401.

7. Dellomonaco C, Clomburg JM, Miller EN, & Gonzalez R (2011) Engetesversal of
the beta-oxidation cycle for the synthesis of fuels and chemiatare 476(7360):355-
359.

8. Zhang K, Sawaya MR, Eisenberg DS, & Liao JC (2008) Expandingbwletm for
biosynthesis of nonnatural alcohols. Proc Natl Acad Sci USA 105(52):20653-20658.

9. Nicolaou SA, Gaida SM, & Papoutsakis ET (2010) A comparative viemedébolite
and substrate stress and tolerance in microbial bioprocessingy Biofuels and
chemicals, to biocatalysis and bioremediation. Metab Eng 12(4):307-331.

10. Sillers R, Chow A, Tracy B, & Papoutsakis ET (2008) Metabolineegng of the non-
sporulating, non-solventogenic Clostridium acetobutylicum strain M5 to prdzliteeol
without acetone demonstrate the robustness of the acid-formatibwayat and the
importance of the electron balance. Metab Eng 10(6):321-332.

11. Yu MR, Zhang YL, Tang IC, & Yang ST (2011) Metabolic engingeoh Clostridium
tyrobutyricum for n-butanol production. Metab Eng 13(4):373-382.

12. Atsumi S, et al. (2008) Metabolic engineering of Eschericloi@ for 1-butanol
production. Metab Eng 10(6):305-311.

13. Inui M, et al. (2008) Expression of Clostridium acetobutylicum butanol syntheticigenes
Escherichia coli. Appl Microbiol Biotechnol 77(6):1305-1316.

90



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Nielsen DR, et al. (2009) Engineering alternative butanol produgiiaiforms in
heterologous bacteria. Metab Eng 11(4-5):262-273.

Berezina OV, et al. (2010) Reconstructing the clostridial mblutaetabolic pathway in
Lactobacillus brevis. Appl Microbiol Biotechnol 87(2):635-646.

Steen EJ, et al. (2008) Metabolic engineering of Saccharoncgcesisiae for the
production of n-butanol. Microb Cell Fact 7(36).

Boynton ZL, Bennett GN, & Rudolph FB (1996) Cloning, sequencing, andssgn of
clustered genes encoding beta-hydroxybutyryl-coenzyme A (CoA) ddsignase,
crotonase, and butyryl-CoA dehydrogenase from Clostridium acetmoutyATCC 824.
J Bacteriol 178(11):3015-3024.

Li F, et al. (2008) Coupled ferredoxin and crotonyl coenzyme a (Gamhiction with
NADH catalyzed by the butyryl-CoA dehydrogenase/Etf compi®m Clostridium
kluyveri. J Bacteriol 190(3):843-850.

Shen CR, et al. (2011) Driving forces enable high-titer anaerobiafdbgynthesis in
Escherichia coli. Appl Environ Microbiol 77(9):2905-2915.

Bond-Watts BB, Bellerose RJ, & Chang MCY (2011) Enzyme mechassankinetic

control element for designing synthetic biofuel pathways. Nat Chem Biol 7(4):222-227.

Lan ElI & Liao JC (2011) Metabolic engineering of cyanobactésra 1-butanol
production from carbon dioxide. Metab Eng 13(4):353-363.

Atsumi S, Higashide W, & Liao JC (2009) Direct photosyntheticctaxy of carbon
dioxide to isobutyraldehyde. Nat Biotechnol 27(12):1177-1180.

Patnaik R, Roof WD, Young RF, & Liao JC (1992) Stimulation of glucassbolism in
Escherichia coli by a potential futile cycle. J Bacteriol 174(23):7527-7532.

Chao YP & Liao JC (1993) Alteration of growth yield by overexpoessof
phosphoenolpyruvate carboxylase and phosphoenolpyruvate carboxykinase
Escherichia coli. Appl Environ Microbiol 59(12):4261-4265.

Causey TB, Zhou S, Shanmugam KT, & Ingram LO (2003) Engineéenignétabolism
of Escherichia coli W3110 for the conversion of sugar to redox-neutrabedded
products: Homoacetate production. Proc Natl Acad Sci USA 100(3):825-832.

Xu P, Ranganathan S, Fowler ZL, Maranas CD, & Koffas MAG (2GEHjome-scale
metabolic network modeling results in minimal interventions that exatpely force
carbon flux towards malonyl-CoA. Metab Eng 13(5):578-587.

Rust MJ, Golden SS, & O'Shea EK (2011) Light-driven changes igyemetabolism
directly entrain the cyanobacterial circadian oscillator. Sciencé&834):220-223.

91

in



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Stern JR, Coon MJ, & Delcampillo A (1953) Acetoacetyl Coenzyaeiatermediate in
the Enzymatic Breakdown and Synthesis of Acetoacetate. J Am Sheni5(6):1517-
1518.

Okamura E, Tomita T, Sawa R, Nishiyama M, & Kuzuyama T (2Qtprecedented
acetoacetyl-coenzyme A synthesizing enzyme of the thiolasefaaply involved in the
mevalonate pathway. Proc Natl Acad Sci USA 107(25):11265-11270.

Tamoi M, Miyazaki T, Fukamizo T, & Shigeoka S (2005) The Calvin ecynl
cyanobacteria is regulated by CP12 via the NAD(H)/NADP(Hip rander light/dark
conditions. Plant J 42(4):504-513.

Slater SC, Voige WH, & Dennis DE (1988) Cloning and Expressiosdhegtichia-Coli
of the Alcaligenes-Eutrophus H16 Poly-Beta-Hydroxybutyrate BiostictRathway. J
Bacteriol 170(10):4431-4436.

Fukui T, Shiomi N, & Doi Y (1998) Expression and characterization dSgRcific
enoyl coenzyme A hydratase involved in polyhydroxyalkanoate biossiathiey
Aeromonas caviae. J Bacteriol 180(3):667-673.

Perez JM, Arenas FA, Pradenas GA, Sandoval JM, & Vasquez CC 89®&richia
coli YghD exhibits aldehyde reductase activity and protects ttemharmful effect of
lipid peroxidation-derived aldehydes. J Biol Chem 283(12):7346-7353.

Yan RT & Chen JS (1990) Coenzyme a-Acylating Aldehyde Delygtiase from
Clostridium-Beijerinckii Nrrl-B592. Appl Environ Microbiol 56(9):2591-2599.

Kosaka T, Nakayama S, Nakaya K, Yoshino S, & Furukawa K (2007acéaration
of the sol operon in butanol-hyperproducing Clostridium saccharopertetytacum
strain N1-4 and its degeneration mechanism. Biosci, Biotechnol, Biochem 71(1):58-68.

Dexter J & Fu PC (2009) Metabolic engineering of cyanobadterethanol production.
Energy Environ Sci 2(8):857-864.

Takahama K, Matsuoka M, Nagahama K, & Ogawa T (2003) Constructiomalydis
of a recombinant cyanobacterium expressing a chromosomally chsgetee for an
ethylene-forming enzyme at the psbAl locus. J Biosci Bioeng 95(3):302-305.

Lindberg P, Park S, & Melis A (2010) Engineering a platform ghotosynthetic
isoprene production in cyanobacteria, using Synechocystis as the ongai@lsm. Metab
Eng 12(1):70-79.

Niederholtmeyer H, Wolfstadter BT, Savage DF, Silver PA, & W&y (2010)
Engineering Cyanobacteria To Synthesize and Export Hydrophiodulets. Appl
Environ Microbiol 76(11):3462-3466.

Tan XM, et al. (2011) Photosynthesis driven conversion of carbon diaxidatty
alcohols and hydrocarbons in cyanobacteria. Metab Eng 13(2):169-176.

92



4].

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Liu XY, Sheng J, & Curtiss R (2011) Fatty acid production in gemsti modified
cyanobacteria. Proc Natl Acad Sci USA 108(17):6899-6904.

Bastian S, et al. (2011) Engineered Kketol-acid reductoisomenage akohol
dehydrogenase enable anaerobic 2-methylpropan-1-ol productionoestited yield in
Escherichia coli. Metab Eng 13(3):345-352.

Davis MS, Solbiati J, & Cronan JE (2000) Overproduction of acetyl-GuBogylase
activity increases the rate of fatty acid biosynthesis ich&schia coli. J Biol Chem
275(37):28593-28598.

Vadali RV, Bennett GN, & San KY (2004) Cofactor engineering ofadedlular
CoAl/acetyl-CoA and its effect on metabolic flux redistributioizgtherichia coli. Metab
Eng 6(2):133-139.

Leonard E, Lim KH, Saw PN, & Koffas MAG (2007) Engineering i@@ntietabolic
pathways for high-level flavonoid production in Escherichia coli. Appiviion
Microbiol 73(12):3877-3886.

Zha WJ, Rubin-Pitel SB, Shao ZY, & Zhao HM (2009) Improvingut@imalonyl-CoA
level in Escherichia coli via metabolic engineering. Metab Eng 11(3):192-198.

Miyahisa |, et al. (2005) Efficient production of (2S)-flavanonesEbgherichia coli
containing an artificial biosynthetic gene cluster. Appl MicrobiadtBchnol 68(4):498-
504.

Lu XF, Vora H, & Khosla C (2008) Overproduction of free fattyda in E. coli:
Implications for biodiesel production. Metab Eng 10(6):333-339.

Santos CNS, Koffas M, & Stephanopoulos G (2011) Optimization of aolugjeuns
pathway for the production of flavonoids from glucose. Metab Eng 13(4):392-400.

Bustos SA & Golden SS (1991) Expression of the Psbdii Gene in SynecuscSp
Strain-Pcc-7942 Requires Sequences Downstream of the TranscripidnSge. J
Bacteriol 173(23):7525-7533.

Bustos SA & Golden SS (1992) Light-Regulated Expression of theGsim Family in
Synechococcus-Sp Strain Pcc-7942 - Evidence for the Role of DuplRsibeldGenes in
Cyanobacteria. Mol Gen Genet 232(2):221-230.

Andersson CR, et al. (2000) Application of bioluminescence to the sfuciycadian

rhythms in cyanobacteria. Bioluminescence and Chemiluminescence, Pt C 305:527-542.

Gibson DG, et al. (2009) Enzymatic assembly of DNA molecules s@veral hundred
kilobases. Nat Methods 6(5):343-345.

Nishimura T, Saito T, & Tomita K (1978) Purification and propedfdseta-ketothiolase
from Zoogloea ramigera. Arch Microbiol 116(1):21-27.

93



55. Datsenko KA & Wanner BL (2000) One-step inactivation of chromosonrasgi
Escherichia coli K-12 using PCR products. Proc Natl Acad Sci USA 97(12):6640-6645.

94



4. OXYGEN-TOLERANT COENZYME A-ACYLATING ALDEHYDE
DEHYDROGENASE FACILITATES EFFICIENT PHOTOSYNTHETIC N-BUTANOL

BIOSYNTHESIS IN CYANOBACTERIA

4.1. Introduction

While incorporation of ATP driving force successfully achieveeali photosynthetic
production of n-butanol, the productivity of n-butanol is significantly teas that of isobutanol
(8). In this chapter, we showed that oxygen sensitive CoA-aaylalthehyde dehydrogenase
(Bldh) is the limiting step of the n-butanol pathway and achieved near 20-fold impeotef n-
butanol productivity by replacing Bldh with an oxygen tolerant aldehyde dehydrege

Cyanobacteria are currently being developed as microbialriestfor production of
renewable chemicals (1-9) by redirecting carbon fluxes fronralemetabolism into desirable
products (Fig. 4.1A). However, metabolic engineering of cyanobaatenein challenging
because of their incompletely characterized physiology, lingetic tools, and relatively low
growth rate. In particular, pathways originated from anaeroleesfean difficult to express in
cyanobacteria due to enzyme oxygen sensitivity and difference in redox environment.

n-Butanol is an important chemical feedstock (Fig. 4.1B) usedotbuce solvents (butyl
acetate, butyl glycol ethers), polymers (butyl acrylate, butyl metlaae), and plasticizers (butyl
phthalate, butylbenzyl phthalate). Derivatives of n-butanol includibgtene, butyraldehyde,
and butyrate are also used to synthesize a wide array of eigmaociucts. Furthermore n-
butanol is a more efficient fuel additive or substitute than ethanbishigher in energy density
and lower in hygroscopicity, allowing it to be compatible with éxgsinfrastructure. Currently,
global n-butanol consumption is 2.9 million metric tons, representing abfbon market, and

continues to grow 4.7% a year (10).
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with ATP driving force and oxygen tolerance in this study. Abbrenat Thl, thiolase; Hbd, 3-

hydroxybutyryl-CoA dehydrogenase; crt, crotonase; Bcd/EtfAB, bl#yoA dehydrogenase

electron transferring protein complex; AdhE2, bifunctional aldelaydetiol dehydrogenase;
AccABCD, acetyl-CoA carboxylase; NphT7, acetoacetyl-CoA sw#h&haB, acetoacetyl-CoA
reductase; PhaJ, R-specific crotonase; Ter, trans-enoyl-Edéctase; PduP, CoA-acylating
propionaldehyde dehydrogenase; YghD, NADPH dependent alcohol dehydrog&tide

glyceraldehyde-3-phosphate; Pyr, pyruvate;Foxidized ferredoxin; Rgy reduced ferredoxin.

* indicates oxygen sensitivity

Microbial n-butanol (11) is produced via natural metabolic pathwaglacted species of
Clostridia (12-14) and in recombinant organisms via synthetic pathways (15-17). The
ClostridiumCoenzyme A (CoA) dependent pathway is of particular interest for itsesffichain
elongation which can be engineered to synthesize longer chain cledi8all9). The native
Clostridium pathway (Fig. 4.1C) proceeds by condensation of two acetyl-CoA aedes of
reduction using NADH and dehydration to form n-butanol. The enzyme @yl
dehydrogenase complex (Bcd-EtfAB) has been difficult to expresgeterologous organisms
due to oxygen sensitivity (20) and potential requirement for accessdoy partners (21) which
may not exist in heterologous organisms (Fig. 4.1C). Expression a@nga-2renoyl-CoA
reductase (Ter) using NADH for direct reduction of crotonyl-CoA effityeatoided the need of
Bcd/etfAB complex and achieved high flux production of n-butanol productidsamerichia
coli (22, 23).

While the Ter-dependent pathway produces n-butanol well goli, this performance is
not directly transferable into cyanobacteria. We previously demaded that the Ter-dependent
pathway in cyanobacteriurBynechococcus elongat@CC 7942 requires anaerobic treatment
and inhibition of photosystem Il to avoid oxygen evolution for the synthesisbotanol (24).
Under these conditions, n-butanol production relies on internal storagebainc In contrast,
isobutanol was produced in relatively high titer and productivity@mparing the two

pathways, we note that the first step in the isobutanol pathway ev©®@gsvhich provides a
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driving force, and that the isobutanol pathway does not involve any osgysitive enzymes.
Thus, the difficulty of photosynthetic n-butanol production may be attbbeit the lack of
thermodynamic driving forces (3) and oxygen sensitivity of payheveeymes. To solve the first
problem, we engineered an ATP driving force (Fig. 4.1D boxed in blugreasby fatty acid
biosynthesis and enabled the first demonstration of direct photosgmihediuction of n-butanol
(3). Activation of acetyl-CoA into malonyl-CoA with ATP providdgetthermodynamic driving
force necessary to overcome the energetic barrier of acefyléddndensation. Utilizing this
malonyl-CoA dependent pathway, the resulti@g elongatusstrain produced 30 mg/L of n-
butanol with peak productivity of 2 mg/L/d.

CoA-acylating butyraldehyde dehydrogenase (Bldh), whichyzaslthe termination of
CoA-dependent chain elongation by reducing butyryl-CoA into butyrattkehig an oxygen-
sensitive enzyme which possibly limits the productivity of the paghB&dh from Clostridium
beijerinckii has been characterized to lose activity upon exposure to oxygenS{@ilarly,
AdhE2, a bifunctional aldehyde/alcohol dehydrogenase from traditionalandiuproducer
Clostridium acetobutylicums also oxygen sensitive (26).

In this chapter, we address the oxygen sensitivity of Bldhebsuiting CoA-acylating
propionaldehyde dehydrogenase (PduP) from coenzyme-B12-dependent 1,2ghcbpane
degradation pathway to substitute for Bldh. PduP fBaimonella entericé27) has been shown
to catalyze propionaldehyde oxidation to propionyl-CoA for detoxiboabf propionaldehyde,
an intermediate formed from 1,2-propanediol degradation. We reasonkdsitice 1,2-
propanediol degradation occurs under aerobic conditions, PduP is likelyoto/dpen tolerant.
Six different PduP homologues were cloned and purified with polyddjs, tand their kinetic

properties were determined. We showed that these PduP homologugzecatalersible
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reduction of acyl-CoA of different carbon chain lengths. ExpressidtdaP with the enzymes
of the n-butanol synthesis pathwaySn elongatusesulted in autotrophic n-butanol production
to a cumulative titer of about 400 mg/L with peak productivity of 51Lidg/exceeding the
strain expressing Bldh by 20 fold. These results demonstrateoxygen tolerance is an

important factor for alcohol production under photosynthetic conditions.

4.2. Results
4.2.1. CoA-acylating aldehyde dehydrogenase PduP catalyzes butyryl-CoA reduction

To circumvent Bldh oxygen sensitivity in cyanobacteria, we sedrébe alternative
CoA-acylating aldehyde dehydrogenases. PduP, an enzyme idefrofeSalmonella enterica
is responsible for catalyzing the oxidation of propionaldehyde to prglp@s?, an important
detoxification step for 1,2-propanediol degradation pathway. This enzyregpressed irf.
entericaunder aerobic condition and has been previously demonstrated with iactitriby for
the oxidation of propionaldehyde to propionyl-CoA (27). In additiorstentericaPduP, we
cloned five more PduP homologues identified by homology search withSBLAsIingS.
entericaPduP protein sequence. It was unclear whether or not PduP isn¢flit catalyzing the
reduction of acyl-CoA to the corresponding aldehyde, the reveri$e rdtural direction. It was
also uncertain whether or not PduP acts on butyl-CoA, the four carbon substrate.

We tested these PduP homologues for n-butanol production utilizingaarolic growth
rescue assay previously described (E)coli strain JCL 166 AadhE AldhA, AfrdB) contains
gene knock-outs for mixed acid fermentation. Fermentation pathwagsseatial foE. coli to
recycle NADH back into to NADfor the Embden—Meyerhof-Parnas pathway to continue (Fig

4.2A). As a result of these knock-outs, strain JCL166 cannot grow anaerobically unless
99



ot
o
o

Glulcose §0.60 i
i NAD* a
ATP A/I 90.40 2
: Fy
NADH ©0.20 -
v cl.
Succinate%pEp 3
@ 0.00
NADH NADH C.sac A.hyd K.pne L.bre L.mon P.gin S.ent
Lactate 4%— Pyruvate c
1000 M Ethanol
NADH - ano
~, 800 | M Butanol
Ethanol “Acetyl—CoA Y
OhE & g N {3
&7 N — 600 -
&S "’oo\L’ NAD* | £
& X 2400
5 2 8
Ny %;Butanol S 200 |
N 2 =
No growth ‘ 0
Cell growth C.sac A.hyd K.pne L.bre L.mon P.gin S.ent
E. coli strain JCL166 (AadhE, Aldh, Afrd) Aldehyde dehydrogenase expressed

Figure 4.2. Anaerobic growth rescuekafcoli strain JCL166 by overexpression ©fostridium
butanol pathway with different aldehyde dehydrogenases PduP. Am&ite of anaerobic
growth selection b¥e. colistrain JCL166. Genes for mixed acid fermentatexthg IdhA, frdB)
were knocked out. As a resufi, colistrain JCL166 cannot recycle NADH back to NAD+. Cell
growth of strain JCL166 is inhibited until a fermentation pathwapsaming NADH is
engineered into JCL166, establishing the basis of this anaerahithgselection. B) Growth
rescue of strain JCL166 by overexpression of different PduPGiastridiumbutanol pathway.
C) Alcohol production from the growth rescue broth.

complemented by an exogenous fermentation pathway such as n-butapothgisis. We thus
expressed the PduP homologues together with the rest of the Tandeepea-butanol
biosynthetic genes (22) using plasmids pEL179, pEL180, pEL181, pEL182, pEL183, and
pPEL184 for expressing eaguduP andyghD, and pEL175 for expressirajoB, hbd crt, andter.

As shown in Fig 4.2B, all PduP, except the one fidngingivalis enabled anaerobic growth

rescue, and Bldh fron€lostridium saccharoperbutylacetonicunvas the positive control. We
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analyzed the culture medium of these anaerobically grown cultmredcbhol production (Fig
4.2C) using gas chromatography (GC). PduP ftorbrevisandK. pneumoniagroduced more
n-butanol than ethanol, while PduP frdm monocytigenesand S. entericaproduced more
ethanol than n-butanol at a ratio of 4:1. These results indicatethdsst PduP homologues

catalyze the reduction of butyryl-CoA, in our desired and the non-native direction.

4.2.2. Substrate specificity of PduP

To characterize these PduP homologues, we constructed plasmidsnigandirvidual
pduP genes with a poly-Histag (plasmids pCDF-pduP_ahyd, pCDF-pdup_kpne, pCDF-
pdup_lbre, pCDF-pdup_Imon, pCDF-pdup_sent, and pCDF-pdup_pgin). PduP homologues were
then purified under aerobic condition without cleaving off His tagdie Activities of the
enzymes were determined using acyl-CoA with different chagthsn and the disappearance of
NADH was monitored. As shown in Fig. 4.3A, PduP frBmenterica, L. monocytigenes, and K.
pneumoniaexhibited higher activity than the other PduP homologues for carbam leingths
ranging from 2 to 8. For butyryl-CoA reductiof, entericaPduP was the most active (27 £ 14
pmol/min/mg) under the assayed condition, followed by PduP fromonocytigenesly * 2
pmol/min/mg) K. pneumonia€8.9 + 4.6 pmol/min/mg), L. brevis (2.5 £ 0.2 pmol/min/m4),
hydrophilia(1.7 £ 0.6 pmol/min/mg), and@. gingivalis(0.49 £ 0.2 pmol/min/mg).

Specific activity was the highest for propionyl-CoA reductiompared to other acyl-
CoAs for PduP fron5. enterica, L. monocytigenes, and K. pneumo(fig 4.3B). This was
expected since propionaldehyde is the natural substrate for Pdulstingdy, PduP froni.
brevis P. gingivalis andA. hydrophiliaexhibited different substrate specificity. As shown in

Fig. 4.3B, PduP from. brevisandP gingivalisfavors reduction of hexanoyl-CoA and

101



A 70 M S.ent
— .en
> = 60
S £50 ® L.mon
S "t 40 B K.pne
S.‘:_’ E 30 M L.bre
S o
g £20 m P.gin
w210
0 B A.hyd
2 3 4 6 8 10 12
B Acyl-CoA chain length
150 mC2
.§ mc3
'..é 100 mCa
.g HC6
% 50 | mcs
2 mC10
0 mC12

S.ent L.mon K.pne L.bre P.gin A.hyd
Source of CoA-acylating aldehyde dehydrogenase
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A) Specific activity of different PduP (umol mtrmg). B) Relative activity of PduP. Specific
activity was determined with substrate concentration of 1 mp@gA, 500 uM NADH, 1 mM
DTT in 50 mM potassium phosphate buffer at pH 7.15 at 30 °C

dodecanoyl-CoA, respectively, over other substrate lengthseThsalts are particularly useful

when the synthesis of longer chain aldehydes and alcohols are desired.

4.2.3. Kinetic parameters of PduP

We further assessed the efficiency of these PduP homologeeaud® these PduP
enzymes act on both acetyl-CoA and butyryl-CoA, the ratio of tlaadytic efficiency (Ka/Km)
towards acetyl-CoA and butyryl-CoA is especially important #signing n-butanol production

pathway. The kinetic parameters were measured for these PduP homologuestdryrmgoni
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Table 4.1. Kinetic parameters.¢kand K;) of CoA-acylating aldehyde dehydrogenase

Acetyl-CoA Butyryl-CoA
Source Ratio
(sh MM) | (s'mM™) sh ©M) | (s'mM™)
C.sac n.c? - n.d - -
A.hyd n.cP - n.cP — -
463+ 1814+ 702+ 560+
K.pne 0.19 25.1 25 0.64 25.9 125 5
026+  76.0 337+ 5343+
L .bre 010  +382 3.0 0.19 59.8 6.0 2
1133+ 926+ 1199+ 717+
L.mon 0.97 20.1 122 1.56 20.3 167 14
. 008+ 759% 019+ 256.0+
Pgin 0.01 25.1 L 0.02 40.5 0.7 0.6
14.81+ 34211 2538+ 87.0%
Sent 1.00 94.8 43 1.81 24.8 292 6.8

®not determined due to oxygen sensitivity
®not determined due to non-Michaelis-Menten behavior

NADH oxidation over a range of acetyl-CoA and butyryl-CoA con@tiains. The I and ky

values for acetyl-CoA and butyryl-CoA are summarized in Talle Kinetic parameters for

PduP fromA. hydrophilia and Clostridium saccharoperbutylacetonicuwere not determined

due to a non-Michealis-Menten behavior and oxygen sensitivity, resggctPduP fromS.

enterica showed the highest butyryl-CoA to acetyl-CoA catalytic efficy ratio of 6.8,

followed by PduP fronK. pneumoniag5.0), L. brevis(2.0), L. monocytigeneg¢l.4), andP.

gingivalis (0.6). These results indicated that PduP fi®nentericaK. pneumoniagelL. brevis

and L. monocytigenesare suitable for co-expression with the CoA-dependent pathway in

cyanobacteria for n-butanol production.
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Figure 4.4. Ethanol biosynthesis from acetyl-CoA. A) Schematigemé recombination of pduP
and yghD into neutral site | of S. elongatus PCC7942. B) Schematetharfol biosynthesis
from acetyl-CoA using pduP and yghD. C) Time course of cumelathanol production. Here
cumulative titer takes into account the dilutions made to cyanolzactdture by feeding. For
detailed description, see Materials and Methods section. D) Gditgef S. elongatus strains
ETOH-KP, ETOH-LB, ETOH-LM, and ETOH-SE.

4.2.4. Co-expression of PduP enables photosynthetic ethanol biosynthesis fraretyl-CoA

Next, we introduced the individual PduP enzymes with YghD $it@longatusPCC
7942 by homologous recombination (Fig. 4.4A) into Neutral Site (NS))l {&& constructed
plasmids harboring individugddup genes and/ghD under an IPTG inducible Trc promoter.
These plasmids were then individually used to transf®rralongatus®CC 7942. The resulting
S. elongatusstrains ETOH-KP, ETOH-LB, ETOH-LM, and ETOH-SE (Table 4.2press

YghD and PduP frorK. pneumoniae, L. breyik. monocytigenesaandS. entericarespectively.
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Expression of PduP and YghD enabled photosynthetic ethanol production friytnCao® (Fig.
4.4B). PduP reduces acetyl-CoA into acetaldehyde, which is then reduced to ethémqioDby
As shown in Fig. 4.4C, all strains expressing PduP homologues with dejmonstrated
ethanol production. Strain ETOH-KP produced the highest amount of ethaaching a
cumulative titer of 182 + 4 mg/L after 10 days of cultivation witpesmk productivity of 65
mg/L/d occurring between the Day 2 to 4. Strain ETOH-LM sholgder ethanol productivity
than strain ETOH-KP for the first four days, after which prdadumcslowed down, reaching a
cumulative titer of 157 £ 3 mg/L after 10 days. ETOH-LM exhibiteghest cell growth (Fig.
4.4D), reaching OD730 of 5.56, which is about 15% higher than strain ETOBRKP30%
higher than the slowest growing strain ETOH-SE. Strains EBBHand ETOH-LB each
produced 133 + 7 mg/L and 53 + 4 mg/L of ethanol, respectively a@iedays. Note that
photosynthetic ethanol productions demonstrated previously (29, 30) wereorall nfon-
oxidative decarboxylation of pyruvate catalyzed by pyruvate decgdse< (Pdc), which is not
oxygen sensitive. Thus, the results shown here represent the dérebnstration of
photosynthetic ethanol biosynthesis from acetyl-CoA, and further tedi¢chat PduP and YghD
were functional under oxygenated photosynthetic condition, which is a stafor n-butanol

production.

4.2.5. PduP enables efficient n-butanol synthesis in cyanobacteria

To construct an oxygen tolerant n-butanol producing pathway in cyanabacter
introduced PduP homologues with the other enzymes of the malonyl-CoAddepeathway
(NphT7, PhaB, PhaJ, Ter, and YghD) iil8oelongateéFig. 4.1). We first constructed synthetic

operons expressing NphT7, PhaB, PhaJ, YghD, and each individual PduP homologue under
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Methods section.
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control of an IPTG inducible Rlo1 promoter (Fig. 4.5A). These plasmids were then used to
recombine the synthetic operons individually into NSiSotlongatu&€L9 (24) which expresses
Ter at NSI. The resulting strains BUOH-LB, BUOH-LM, and B”HSE, expressing PduP from

L. brevis L. monocytigenesandS. entericarespectively, were genotypically verified by gene-
specific PCR.

As shown in Fig. 4.5B, strain BUOH-SE produced the highest anobumrbutanol under
photosynthetic conditions with an observed in-flask n-butanol titer of 31 imd/2 days while
BUOH-LB and BUOH-LM produced 134 mg/L and 25 mg/L, respectivelp. détectable
byproduct was observed in the culture medium, indicating the spggycdicPduP for n-butanol
production and the potential ease for product recovery. While thesenddhdtogues expressed
by strains BUOH-LB, BUOH-LM, and BUOH-SE have higher catalyfficiency towards
butyryl-CoA than acetyl-CoA, it is interesting that no ethanol detected in all three n-butanol
producing strains. This result suggested that n&ivelongatusacetyl-CoA carboxylase (Acc)
and NphT?7 efficiently channelled acetyl-CoA flux into n-butanol symsh&ell growth of strain
BUOH-SE was slightly slower than that of the other straing. #5C). Daily productivity of
strain BUOH-SE (Fig. 4.5D) increases with cell growth, reachimgaximum productivity of 51
mg/L/d between days 3 to 4. Daily productivity maintained around 40/chgthtil day 7, after
which started to decline as culture entered stationary phaseuirhéative production titer (Fig.
4.5E) obtained from strain BUOH-SE was 404 mg/L in 12 days. Cumulateretakes into
account the dilutions made to cyanobacteria culture by feeding. Cetnpadth S. elongatus
expressing the malonyl-CoA dependent pathway using Bldh (3), &t#dH-SE expressing
PduP fromS. entericas a much more efficient n-butanol producer, exceeding the productivity of

Bldh strain by 20 fold.
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4.3. Discussion

Oxygen sensitivity is one of the major obstacles for desigaymghetic pathways in
cyanobacteria. Previously, we engineered an ATP driven malonyldep&ndent pathway in
cyanobacteria and demonstrated the photosynthetic n-butanol productionverotiie oxygen
sensitivity of Clostridium Bldh severely limited the productivity of n-butanol. In this work, we
showed that in addition to the ATP driving force, oxygen tolerancesssential for constructing
a functional CoA-dependent n-butanol synthesis pathway in cyanoba@egigen sensitivity of
Clostridium pathway was solved by substituting Bldh with the oxygen tolerant RduiS.
enterica The resultingS. elongatusstrain produced 404 mg/L of n-butanol (Fig. 4.5E),
comparable to or higher than the level achieved in many heteratrdmhsur knowledge, this
result represents the highest photosynthetic n-butanol production frerde@nstrated to date.

Conversion between acyl-CoA and its corresponding aldehyde eatalyy CoA-
acylating aldehyde dehydrogenase is an important reactiomrrimge in both natural and
synthetic pathways. For example, a synthetic 1,4-butanediol productiowgya(31) utilizes
two CoA-acylating aldehyde dehydrogenases for converting rsti€COA to succinate
semialdehyde and 4-hydroxybutyryl-CoA to 4-hydroxybutyraldehydeil&ly CO, fixation
utilizing the 3-hydroxypropionate cycle (32) also requires a @oWating aldehyde
dehydrogenases for converting malonyl-CoA to malonate serhialde While CoA-acylating
aldehyde dehydrogenases are ubiquitous, many of themQGtostridium are oxygen sensitive
(25, 33, 34), prohibiting their use in photosynthetic microorganisms and otlgatelderobes.
The oxygen tolerant PduP homologues that we characterized intudis @&re valuable for
designing synthetic pathways requiring interconversion of acyl-@od its aldehyde. We

showed that these PduPs have broad substrate specificity,gdmymC2 to C12. In particular,
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PduP fromL. brevisandP. gingivalishave higher specific activity towards longer chain acyl-
CoAs (Fig. 4.3B), thus suitable for the synthesis of higher alcolols as 1-hexanol and 1-
octanol (19, 35).

Expression of PduP and YghD alone enabled ethanol synthesis froyhGu&t This
pathway is different from the pyruvate dependent ethanol production deatedsefore (29,
30). Most of the PduP homologues characterized in this study exh#itagher catalytic
efficiency for butyryl-CoA over acetyl-CoA (Table 4.1). Asesult, PduP selectively reacts with
butyryl-CoA over acetyl-CoA when the CoA-dependent chain elongatian-expressed. Co-
expression of PduP and YghD with the CoA-dependent chain elongation desult®mo-
butanol production ir5. elongatusvith no traces of ethanol or other detectable by-products in
the culture medium, which is favorable for downstream product recovery.

Utilizing cyanobacteria as a catalyst to reduce ©@ usable chemicals is an attractive
direction for sustainable chemistry and Q@itigation. SpecificallyS. elongatu$CC 7942 is a
suitable host for n-butanol production because it does notphaxiation, thus cannot reuptake
and metabolize n-butanol and preventing yield loss. The n-butanol produattieved in this
study compares favorably to that of other acetyl-CoA derived ptediemonstrated in literature
(Fig. 4.6A). With the exception of fatty acid production, the n-butanol ptadlycdemonstrated
here also compares favorably on the basis of carbon molar productiish is defined as
molar productivity per carbon in the compound. However, several obstaales to be
overcome in order for it to be industrially feasible. One suchlesige is the toxicity of n-
butanol. As shown in Fig. 4.6B, at 750 mg/L of n-butanol in culture mediuralongatustrain
BUOH-SE exhibited visible growth retardation. At 1 g/L of n-butanell growth is inhibited.

One approach to avoid product toxicity is to remove promiusitu (8). Alternatively, directed
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molar productivities is listed in supplementary material. B) raBaol toxicity toS. elongatus
strain BUOH-SE.

evolution in combination with rational designs aided by systems analysis §yd)aruseful to
develop a higher butanol-tolerant host. Combining efforts of pathwapesrgig demonstrated

here and future systems optimization, photosynthetic production of n-butanol is promising
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4.4. Materials and methods

4.4.1. Chemicals and reagents

All chemicals were purchased either from Sigma-Aldrich (S, MO) or Fisher
Scientifics (Pittsburgh, PA) unless otherwise specified. iPhogi-fidelity DNA polymerase
was purchased from Bio-Rad (Hercules, CA). Restriction enzyRtession DNA polymerase,
and ligases were purchased from New England Biolabs (Ipswich, WB\Exonuclease was
purchased from Epicentre Biotechnologies (Madison, WI). KOD and K&&Bme DNA

polymerases were purchased from EMD biosciences (Gibbstown, NJ).

4.4.2. DNA manipulations

All chromosomal manipulations were carried out by homologous recatidn of
plasmid DNA intoS. elongatu$CC 7942 genome at neutral site | (NSI) (28) and Il (NSII).(37)
All plasmids were constructed using Gibson isothermal DNA asgemeéthod (38). Plasmids
were constructed i&. coli XL-1 blue for propagation and storage (Table 4.3). Accession nhumber
for each enzyme used in this study is listed: NphT7 (BAJ10048), PARE’'G813), Phal
(032472), Ter (Q73Q47), YghD (AAC76047), PduP_A.hyd (YP_855873), PduP_K.pne
(YP_001336844), PduP_L.bre (YP_795711), PduP_L.mon (NP_464690), PduP_P.gin

(YP_001928839), PduP_S.ent (AAD39015)

4.4.3. Culture medium and condition

All' S. elongatusPCC 7942 strains were grown in modified BG-11 (1.5 g/L NgNO
0.0272 g/L CaGl2H,0, 0.012 g/L ferric ammonium citrate, 0.001 g/L,NBTA, 0.040 g/L
KoHPQO,, 0.0361 g/L MgS® 7H,O, 0.020 g/L NaCO;, 1000x trace mineral (1.43 g3BiOs,

0.905 g/L MnCp-4H0, 0.111 g/L ZnS@7H,0, 0.195 g/L NavoOs2H,0, 0.0395 g
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CuSQ-5H0, 0.0245 g Co(Ng2-6H0), 0.00882 g/L sodium citrate dihydrate) agar (1.5%
w/v) plates. AllS. elongatu®CC 7942 strains were cultured in BG-11 medium containing 50
mM NaHCQ in 250 mL screw cap flasks. Cultures were grown under 48uE/8/nf light
measured by Licor quantum sensor (LI-250A equipped with LI-190 Quantunorfesigoplied
by 3 Lumichrome F30W-1XX 6500K 98CRI light tubes, at 29 = 1 °C. Ceabwint was

monitored by measuring QB with Beckman Coulter DU80O0 spectrophotometer.
4.4.4, Strain construction and transformation

S. elongatu?CC 7942strains were transformed by incubating cells at mid-log phase
(ODy3p of 0.4 to 0.6) with 2ug of plasmid DNA overnight in the dark. The culture was then
spread on BG-11 plates supplemented with appropriate antibioticsléoti@® of successful
recombination. For selection and culture maintenancgug2®l spectinomycin and 10g/ml
kanamycin were added into BG-11 agar plates and BG-11 medium wipgprate. Colony
PCR was used to verify integration of inserted genes into the recombinantistedl cases, two
or three individual colonies were analyzed and propagated for downstests. Genotypes of
recombinantS. elongatusare listed in Table 4.3S. elongatusstrain ETOH-KP, ETOH-LB,
ETOH-LM, and ETOH-SE were constructed by transforming str&& F942 with plasmids
pSR6, pSR7, pSRY9, and pSRS8, respectively. Strains BUOH-LB, BUOH-SE, G6dHBM

were constructed by transforming strain EL9 with plasmids pSR2, pSR3, and pSREtivesy.
4.4.5.E. coli anaerobic growth rescue

Cells of E. coli strain JCL166 and its derivatives were cultured overnight in LB with
appropriate antibiotics at 37°C. Overnight cultures (3 pL) were wsewtulate 3 mL of fresh
LB media supplemented with 1% glucose and appropriate antibiotics @I ampicillin and

50 pg/mL kanamycin) and 0.1 mM IPTG in 10 mL BD vacutainers. Alleegith Millipore
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PES filter was used to pierce through the rubber cap of thereulfthe headspace of these
cultures was then purged several times with 95%53% H, gas using an anaerobic chamber
(Coy Lab Products, Grass Lake, MI). The needle with filtes meanoved in anaerobic chamber.
These anaerobic cultures were then taken out of anaerobic chamimerudaded in 37°C rotary

shaker. Culture was analyzed 24 hours later for cell density and alcohol cordsotengent.

4.4.6. CoA-acylating aldehyde dehydrogenase (PduP) assay

Protein purification was done by using His-Spin Protein minipredigation kit from
Zymo following manufacturer's manual. Overnight culture ©f coli strain BL-21(DES3)
harboring different pCDF-pdup plasmid was used to inoculate fresh 20BmiThe newly
inoculated culture was incubated at 37°C untilegdk) reaches 0.6 which was then induced with
1 mM IPTG. The induced cultures were then incubated overnight in 304(y sitaker to allow
protein expression. The cultures were then harvested by ceatitiugt 4,300 x g for 20 min.
The pellet was then resuspended with 1mL of Zymo His-binding buifttimaxed with 1mL of
0.1 mm glass beads (Biospec). The sample was then homogenated issingLySer Il
(Quiagen).

Enzyme assays were conducted by using Bio-Tek PowerWave XSophate
spectrophotometer. CoA-acylating aldehyde dehydrogenase actwasy measured by the
decrease of absorbance at 340 nm, corresponding to depletion of NADH. &onidation of
kcat and K, of the different aldehyde dehydrogenases, acetyl-CoA and bagp
concentrations were varied between 0.03 mM to 2 mM. The reaction medatained 50 mM
potassium phosphate buffer at pH 7.15, 1 mM Dithiothreitol (DTT), 500 uM WMlAdaetyl-CoA
or butyryl-CoA at varying concentration, and enzyme. For determspegific activity for other

chain length acyl-CoA, 500 uM was used. The mixture excludigg@A was incubated for 5
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minutes at 30 °C. The addition of the acyl-CoA initiated the reackgp.and K, were
determined by nonlinear regression fitting to Michaelis-Mentenatsmu using graphing

software Origin.

4.4.7. Production of ethanol and n-butanol in recombinan$. elongatus

A loopful of S. elongatu®CC 7942 was used to inoculate fresh 50 mL BG-11. Initial cell
density of culture was typically Og) 0.03 to 0.05. 500 mM IPTG was used to induce the
growing culture at cell density QBy.mof 0.4 to 0.6 with 1 mM IPTG as final concentration.

For n-butanol production, 1 mL of culture was removed from the cultuke fda cell
density measurement and quantification of n-butanol. Every two dédisipaal 3 mL of culture
was removed from the flask, and 5 mL of fresh BG-11 with 500 mM N2y1@ppropriate
antibiotics, and IPTG were added back to the culture. This procedune®tise carbon supply
for S. elongatus

For ethanol production, 5 mL of culture was removed every two daysthe flask for
cell density measurement and quantification of ethanol. 5 mLeshfBG-11 with 500 mM
NaHCGQ, appropriate antibiotics, and IPTG were added back to the cultutgpdy shutrients

necessary.

4.4.8. Alcohol quantification

Culture samples (1 mL) were centrifuged for 5 minutes at 15,0§/0The supernatant
(900 pL) was then mixed with 0.1% v/v 2-methyl-pentanol (100 pL) asnadtstandard. The
mixture was then vortexed and directly analyzed on an Agilen688D system equipped with
flame ionization detector and DB-FFAP capillary column (30m, 0.32mdn D.25 film
thickness) from Agilent Technologies (Santa Clara, CA). Ethanotmrtanol in the sample was

identified and quantified by comparing to 0.1% v/v standard. The GCt igasl analyzed by
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Agilent software Chem Station (Rev.B.04.01 SP1). Amount of alcohol inatigle was then
calculated based on the ratio of its integrated area and that of the 0.1% v/vdstandar

Helium was used as the carrier gas with 9.52 psi inlet pre§hwanjector and detector
temperatures were maintained at 225°C. Injection volume was Eor ethanol quantification,
the GC over was initially held at 60°C for 2 minutes, and raised© 8&th temperature ramp
of 50°C/min and kept at 85°C for 2 minutes after which temperaturgéhgasraised to 235°C
with ramp rate of 45°C/min and kept for 3 minutes. For n-butanol quanitic the GC oven
temperature was initially held at 85°C for 3 minutes and thendr&is235°C with a temperature
ramp of 45°C/min. The GC oven was then maintained at 235°C for 1 mirfote lsempletion
of analysis. Column flow rate was 1.7 ml/min. DMF and water were used as cagdrcjueous
wash solvent, respectively.

Cumulative alcohol concentration is defined as the sum of dailjuptiwities of the
production period. Note that culture volume remained constant throughout poodd@?o of
alcohol was removed every two days due to nutrients replenishmergx&aple, feeding was
done on day 2, therefore to calculate daily productivity of day 3pualethe difference between

concentration of day 3 and 90% of day 2 as the daily productivity for day 3.
4.4.9. n-Butanol toxicity test

S. elongatu$?CC7942 cells were grown according to the procedure in “cultureumedi
and condition”. Once growth reached @§about 2, the culture was diluted to @pof 0.1 with
50 mL fresh BG11 medium containing 50mM NaH{énd appropriate antibiotics. Then,
various amounts of n-Butanol were added into the culture to achievesineddsoncentration (0,
250, 500, 750, and 1000 mg/L). Growth was measured daily. Every two days, baultuce

was removed and 5 mL fresh BG-11 containing 500 mM NaHCO3, apprepesteounts of
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antibiotics and n-butanol was added back to the culture to ensure sufficient carbon supply.
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Table 4.2. Cyanobacteria akd coli strains used in this study

Strain Relevant genotypes Reference

Cyanobacteria Strains

PCC 7942 Wild-typ&Synechococcus elongatB€C 7942

EL9 Pr:: His-taggeder integrated at NSI (24)
ETOH-KP R.::pduP_K.pneumoniae, yghibtegrated at NSI This work
ETOH-LB Prrc::;pduP_ L.brevis, yghDntegrated at NSI This work
ETOH-LM Prc::;pduP_ L.monocytigenes, yghibtegrated at NSI This work
ETOH-SE Pric:pduP__ S.enterica, yghihtegrated at NSI This work
BUOH-LB Prc:: His-taggeder integrated at NSI and This work

PLiacor::nphT7, pduP_L.brevis, yghD, crt, hbdegrated at NSII
Pr:: His-taggeder integrated at NSI and

EehiEs Pliacor::nphT7, pdl_JP_S.enteriqa, yghD, crt, hibtegrated at NSII LLLERTLLS
BUOH-LM Pliacor::nphT7, ?&Lgiﬁggggﬁfglgfgsra;eq%gt ,(\:lr?l r?l;‘e(ljgrated at NSlI This work
E. colistrains
XL-1 blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relARaproAB lacfZAM15 Tn10(Tef?)] Stratagene
JCL166 BW25113\dhA AadhEAfrdBC / F' [traD36, proAB+, lact ZAM15 (Tefd)] (22)
BL21(DE3) F ompThsdSB (rBmB’) gal dcm rne131DE3) In vitrogen

nphT7 (Streptomycesp. strain CL190), acetoacetyl-CoA synthgsieaB (R. Eutrophd, acetoacetyl-CoA reductasphald (A. caviag, (R)-

specific enoyl-CoA hydratasédibd (C. acetobutylicuin 3-hydroxybutyryl-CoA dehydrogenasert (C. acetobutylicuny crotonaseter (T.

denticolg, Trans-2-enoyl-CoA reductasgghD (E. col), NADP-dependent alcohol dehydrogengsauP (A. hydrophilig K. pneumonia, L.
brevis L. monocytigenes, P. gingivalis; S. entericy CoA-acylating aldehyde dehydrogenase.
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Table 4.3. Plasmids used in this study

Plasmid Genotypes Reference
pCDFDuet Spét; CDF ori; R7:MCS Novagen
pEL54 Amp®; ColE1 ori; Rixcor:atoB,bldh,yghD,crt,hbd 3)
pIM8 Kan®; ColA ori; Riacor ter (22)
pCDth-)pj((j:iuP Spe€; CDF ori; Rz::pduP_A.hydhis tagged) This work
pCDkI?)-rﬁJguP Spe&; CDF ori; R7::;pduP_K.pnehis tagged) This work
pCDIIl:)-rgduP Spe€; CDF ori; R7::pduP_L.bre(his tagged) This work
pCIIIJrI;-ng?uP Spe€; CDF ori; Rz::pduP_L.mor(his tagged) This work
pCD;;?]?UP Spe&; CDF ori; R7:pduP_P.gin(his tagged) This work
pCDFi;iF;]dUP Spe&, CDF ori; R7:pduP_ S.enthis tagged) This work
p_EL175 Amp®; ColE1 ori; Riacor:atoB, ter,crt,hbd This work
pEL178 Kan; P15A ofi; Riacor::bldh,yghD This work
pEL179 Karf; P15A ori; Riacoz:pduP_A.hyd,yghD This work
pEL180 Kan; P15A ofi; Riacor:pduP_K.pne,yghD This work
pEL181 Kanf; P15A ori; Riacor:pduP_L.bre,yghD This work
pEL182 Karf; P15A ori; Riacos:;pduP_L.mon,yghD This work
pEL183 Kan®; P15A ori; Riacor:pduP_P.gin,yghD This work
pEL184 Karf; P15A ori; Riacor:pduP_ S.ent,yghD This work
pSR2 Kan; NSl targeting; Bacox::nphT7,pduP_L .bre,crt,hbd This work
pSR3 Kan®; NSl targeting; Bacor::nphT7,pduP_S.ent,crt,hbd This work
pSR5 Karf; NSl targeting; Bacoz:nphT7,pduP_L.mon,crt,hbd This work
pSR6 Spe€; NSI targeting; R::pduP_K.pne,yghD This work
pSR7 Spe&; NS| targeting; R::pduP_L.bre,yghD This work
pSR8 Spe&; NSl targeting; R::pduP_S.ent,yghD This work
pSR9 Spe€; NSI targeting; R::pduP_L.mon,yghD This work

Karf, kanamycin resistance; Afipampicillin resistance; Sp&cspectinomycin resistance

atoB (E. coli), thiolasenphT7(Streptomycesp. strain CL190), acetoacetyl-CoA synthadeB(R. Eutrophd, acetoacetyl-CoA reductagehal
(A. caviag, (R)-specific enoyl-CoA hydratasédibd (C. acetobutylicum 3-hydroxybutyryl-CoA dehydrogenasert (C. acetobutylicum
crotonaseter (T. denticolg, Trans-2-enoyl-CoA reductadaldh (C. saccharoperbutylacetonicinbutyraldehyde dehydrogenagghD (E. coli),
NADP-dependent alcohol dehydrogengsauP (A. hydrophilia K. pneumonia, L. brevid. monocytigenes, P. gingivalisr S. enteric CoA-
acylating aldehyde dehydrogenase.
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5. REDESIGN OF MALONYL-COA BIOSYNTHESIS

5.1. Introduction

Malonyl-Coenzyme A (CoA), the starting substrate for n-butanol pathve naturally
produced by acetyl-CoA carboxylase, which is a highly regdlgirotein and difficult to
engineer. As such, in in this chapter, we designed at leastlitiact pathways to synthesize
malonyl-CoA from central metabolites such as phosphoenolpyruvate and pyruvate.

The first century of metabolic research has successfullyvbsed almost all of the
enzymatic steps and mechanisms in metabolism that supportshéestiidy of metabolism is
further enriched by genome sequencing that leads to rapid ideidificd genes coding for the
enzymes. Meanwhile, genetic techniques and engineering principleehalvied modification
and transferring foreign pathways to almost any organism to praxdupounds for industrial
purposes. After optimizing the terminal pathways for a smeprbduct, the production is often
limited by central metabolites that are produced from pathvegysnized for cell’s benefit
rather than for production. As such, redesign of essential primatgbolic pathways for the
purpose of production has become a priority.

Malonyl-CoAis an essential metabolite that serves as the common buildoigfoi fatty
acids, polyketides, and flavonoids. Malonyl-CoA is synthesized via cgdimn of acetyl-CoA
catalyzed by acetyl-CoA carboxylase (Acc) (Fig. 5.1A), whyghicially is a four subunit enzyme
complex or a muti-domain enzyme. Biotin-carboxyl carrier pro{@@CP) domain is first
biotinylated into active carboxyl-carrier. Biotin carboxylasentle@rboxylates BCCP-biotin
complex while consuming ATP. Malonyl-CoA is subsequently produced uposfdraof the
carboxyl group from AccB-biotin complex to acetyl-CoA by acé&glA carboxyltransferase.

Recently, the Acc-depdendent malonyl-CoA synthesis has also been used in agredgine
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Figure 5.1. Schematics malonyl-CoA biosynthesis. A) Natural ngafdoA biosynthesis via
acetyl-CoA. Synthetic malonyl-CoA biosynthesis pathway via madosamialdehyde which can
be produced by B) sequential carboxylation and decarboxylation of BE&mdc@ionalization of
a-keto toa-amino followed byr-amino transfer and regeneration of keto moiety, D) reduction of
pyruvate to lactate in which net hydroxyl transfer camadi@eved by sequential dehydration and
hydration followed by re-oxidation of-hydroxyl to B-keto, E) hydration of PEP to 2-
phosphoglycerate and reduction to glycerol followed by dehydration obxyldon carbon 2 of
glycerol to 3-hydroxypropionaldehyde which can be oxidized to mals®atealdehyde. The
detailed description of these reaction pathways are represented in3=iglire

pathway for acetoacetyl-CoA synthesis that leads to n-butanol gradu1l). Because Acc
catalyzes the first step for directing acetyl-CoA flux ta¥gasecondary metabolite biosynthesis
instead of amino acid biosynthesis or energy production, Acc elgrasstightly regulated at
all levels: transcriptional regulation by growth-rate (2)nstational regulation by mRNA
binding (3), and feedback inhibition by product acyl-ACP (4). As a rebidsynthesis of
downstream products of malonyl-CoA is believed to be mainly condrdile Acc. Currently,

almost all engineering approaches to increase malonyl-CoAafiebased on overexpression of

Acc (5-8) or increasing acetyl-CoA flux (9, 10). Although theseredf achieved reasonable
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success, Acc overexpression is not always effective and oftalisrén conservative beneficial
effects.

Decarboxylative Claisen condensation of malonyl-CoA and its demvatalonyl-acyl
carrier protein (ACP) with Acyl-ACP is irreversible and pes the driving force necessary for
iterative carbon chain elongatiop-Carboxylate of malonyl-CoA serves as a leaving group to
facilitate this otherwise unfavorable condensation of two acetyl:Gd#ing pyruvate as a
reference, nature’s solution for achieving thisarboxylate is by oxidative decarboxylation of
pyruvate to acetyl-CoA and followed by an energy dependent cagdtimxylto malonyl-CoA
(Fig. 5.1A). From a biochemical point of vie§;carboxylate of malonyl-CoA can also be
achieved by CoA-acylating oxidation of malonate semialdehyde, tarafig occurring
metabolite. Here we propose at least four general alternafitlgs 5.1B,C,D,E) and other
variations thereof (Fig. 5.S1 for complete metabolic intercormestbetween the pathways) to
achieve biosynthesis of malonyl-CoA via malonate semialdehyde, a strusbmnar of pyruvate.
The four general alternatives are: sequential carboxylation aradtbaeylation (Fig. 5.1B), one
step isomerization by amino transfer (Fig. 5.1C), and multi-stemerization by hydroxyl
transfer mediated by hydration and dehydration (Fig. 5.1D,E). O¢ thegroaches, sequential
carboxylation and decarboxylation is the most promising pathway torgoh&tecause it is
thermodynamically favorable and requires fewer enzymatigsstdowever, the key enzyme
oxaloacetate 1-decarboxylase has not been found in nature. In parocal@acetate, f-keto
acid, may favor decarboxylation of tiffecarboxylate over the-carboxylate. We solved this
problem by creating a shunt utilizing aspartate decarboxylagkislstudy, we demonstratau
vitro synthesis of malonyl-CoA from oxaloacetate. The limiting st@gactor independent

aspartate decarboxylase, was further solved by recruiting a PLP-depasplkemate
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Figure 5.2. Possible direct precursors to malonate semialdehyde. Dasbeddmsent enzymes
not found in nature.

decarboxylase. Using this vitro system, we were able to study the steady state kirudtitss
synthetic pathway and effects of substrate concentration. Témgésrrepresent the construction
of the first synthetic malonyl-CoA biosynthesis and present amalive method for increasing

production of malonyl-CoA derived products.

5.2. Results
5.2.1. Design of synthetic malonyl-CoA biosynthesis

From a biochemical stand point, malonate, oxaloacetate, malonai&dsdpde-CoA,
and malonate semialdehyde are the possible direct precursoraldayRrCoA (Fig. 5.2).
However, among them only malonate semialdehyde is biologicabkibfie. Malonate is not a
feasible precursor because it is a product of malonyl-CoA oromatd semialdehyde.
Oxaloacetate is also not feasible because direct conversionatifaogtate to malonyl-CoA
requires a decarboxylative dehydrogenase which has not been found ie. r&taiarly,

malonate semialdehyde-CoA oxidation to malonyl-CoA requires addepgnase not available
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in nature. On the other hand, malonate semialdehyde is a naturally occurabgliteefound in
3-hydroxypropionate dependent gfixation pathway, indicating its intracellular stability.
Reversed reaction of malonyl-CoA reductase (Mcr), catalytnagxidation of malonyl-
CoA to malonate semialdehyde using NADPH, converts malonatealdetmyde to malonyl-
CoA. Two types of Mcr exist in nature: unifunctional and bifunctionak Teversibility of the
unifunctional Mcr fromSulfolobus tokodai{11) is uncertain and has not been reported. On the
other hand, bifunctional Mcr fron€hloroflexus aurantiacug12), which catalyzes two step
malonyl-CoA reduction to 3-hydroxypropionate, is reversible but witbng preference for
malonyl-CoA reducing direction. Nevertheless, the calculated Gilglesenergy for malonate
semialdehyde oxidation to malonyl-CoA under physiological condit{@nsaM concentration
with 0.1M ionic strength at pH 7.0) is -7.5 kJ/mol, suggesting its likelihood of reaction.
Isomerization of pyruvate to malonate semialdehyde requirgatin of the keto group
from o-position top-position. Because keto isomerization is not available, alternagaion
schemes are necessary to achieve this net isomerization. Fearalgsolutions exist for this
isomerization: 1) Carboxylation g-position followed bya-decarboxylation (Fig. 5.1B), 2)
transamination ofi-keto intoa-amino followed by amino transfer and re-transamination (Fig.
5.1C), and 3) Reduction af-keto into a-hydroxyl followed by either dehydration and re-
hydration (Fig. 5.1D) or 4) hydration and dehydration (Fig. 5.1E) amcidation off3-hydroxyl.
PEP was chosen as a starting reference point for thermmatyganalysis because it is
the common intermediate for all synthetic pathways for mal@wA biosynthesis. The
thermodynamics of these pathways were calculated based on pgigsblconditions and are
shown in Fig. 5.3. These synthetic pathways can be divided into three damsguson their ATP

yield. Group 1 pathways has an ATP yield of zero from either PEP or glucose lani@ inc
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Figure 5.3. Thermodynamics of malonyl-CoA biosynthesis pathways. Change iy e@srg
calculated using eQuilibrator with parameters of physiological condifiees materials and
methods). Each pathway is named based on their representative metaGobedAG are
listed in Table 5.S1 and 5.S2.

Natural Acc dependent pathway (Fig. 5.1A), oxaloacetate (Fig. 5.hH)agpartate (Fig. 5.4)
dependent pathways. Group 2 pathway has ATP yield greater tharaaércontains only
represented by alanine (Fig. 5.1C) pathway. Group 3 pathways hd¥eyiall less than one,
indicating extra energy cost, and include both the lactate (Fig.) 24® glycerol (Fig. 5.1E)

pathways.

Direct a-decarboxylation of oxaloacetateCarboxylation of PEP di-position followed byo-
decarboxylation yielding malonate semialdehyde (Fig. 5.1B) isshwogtest route, containing
only two enzymatic steps, to achiew¢o  keto-migration. Notably, this pathway has an overall
thermodynamics similar to that of Acc dependent malonyl-CoAhggmi, where its ATP vyield
from both PEP and glucose is zero and all steps have neg&iV&ig. 5.3). However, the key
enzyme oxaloacetatei-decarboxylase does not exist in nature, therefore hindering the

construction of this route for malonyl-CoA biosynthesis. Nevertheledscarboxylation occurs
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Figure 5.4. Aspartate shunt to bypass oxaloacetate 1-decarboxylase nBaspriesents that
enzyme has not been found in nature.

naturally in many biological processes such as pyruvate degdaibexin ethanol fermentation
and a-ketoglutarate decarboxylase in cyanobacteria TCA cycle (@&B)en their substrate
structural similarity, it is therefore conceivable that éhemzymes may be evolved into an

oxaloacetate-decarboxylase.

Aspartate shunt for a-decarboxylation. While the direct decarboxylation of oxaloacetate to
malonate semialdehyde has not been found in nature, decarboxylatiaspaftate, the
transaminated form of oxaloacetate, has (Fig. 5.4). Oxal@adst&ransaminated into aspartate
by aspartate aminotransferase (AspC) using glutamate aantiv® donor. Aspartate then
undergoesa-decarboxylation using aspartate 1-decarboxylase firdtanine, a metabolite in
panthothenate biosynthesis. Orfzalanine is formed, amino-group can then be transaminated
back into keto functionality using-ketoglutarate as the amino receptor to produce malonate
semialdehyde. Transamination df-alanine is catalyzed byB-Alanine aminotransferase

(SkPYD4) found inSaccharomyces kluyvegii4). Effectively, transamination of oxaloacetate to
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aspartate serves as a shunt to facilidatkecarboxylation. All enzymes involved in this synthetic
pathway are available from nature, suggesting its feasibilibyvaéder in bacteria, aspartaie
decarboxylase (PanD) is an unusual enzyme using pyruvate as laeficogtoup. PanD is
translated as an inactive proenzyme, which after self-protedtysis two functional subunits
and the pyruvyl-group. PanD may be a difficult enzyme to use ®gmiag synthetic pathways
because the rate of enzyme maturation depends on temperature tanatiomafactor (15).
Nevertheless, decarboxylation of aspartate provides an irreeetsapl for carbon flux, which

serves as a driving force for this synthetic malonyl-CoA pathway.

Isomerization by amino transfer using Alanine. The least energy demanding and second
shortest pathway for malonyl-CoA biosynthesis is mediated byarransfer (Fig. 5.1C).
Pyruvate is first transaminated into alanine, effectively cdimgen-keto toa-amino which is
converted intop-amino by an alanine aminomutase. Subsequent transaminatigalahine
returns keto group by using either pyruvate oeketoglutarate as an amino receptor. This
synthetic pathway has a net positive ATP yield. However, this siotipathway requires
alanine aminomutase which has not been identified in nature. Enzyionational relatives of
alanine aminomutase such as lysine 2,3-aminomutase (16) and glukaBateinomutase (17)
contains iron sulfur clusters for generating radical SAM, whadilifates amino transfer. While
it is possible to evolve alanine aminomutase from these enzymeétives, their oxygen
sensitive nature may be prohibitive for functionally constructing #ynthetic pathway in

aerobic systems.
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Sequential dehydration and hydration of lactate enabled isomeation by hydroxyl
transfer. Reduction of pyruvate yields lactate in which ddydroxyl can be removed by
dehydration, resulting in formation of acrylate (Fig. 5.1D). tyidn atp-position of acrylate
followed by oxidation returns keto functionality at thgposition, forming malonate
semialdehyde. To facilitate dehydration @fhydroxyl group, lactate is first activated into
lactoyl-CoA using propionyl-CoA as CoA donor. Propionyl-CoA is synthesizad propionate,
CoA, and ATP using AMP forming propionyl-CoA synthase. Two ATPreseded to convert
AMP back into ATP, which increases ATP cost of this pathwaycamtributes to the net ATP
deficiency of this pathway. Lactoyl-CoA dehydrates into agiyCoA which is then rehydrated
at the B-position, forming 3-hydroxypropionyl-CoA. 3-hydroxypropionyl-CoA ideh
hydrolyzed to 3-hydroxypropionate, structural isomer of lactate. §ubsé re-oxidation of-
hydroxyl group of 3-hydroxypropionate vyields malonare semialdehydernatively, 3-
hydroxypropionyl-CoA can be converted directly to malonyl-CoA Iro treduction steps.
However the enzymes necessary for these reductions have not been identifie@dl\&hdgmes
of this synthetic pathway are available in nature, both the ATPan@énand the number of
enzymes required is larger than the aspartate dependent pathwdy ado has all enzymes

available from nature, therefore lowering the feasibility of this pathway

Hydration dehydration via glycerol pathway for hydroxyl transfer. Net hydroxyl transfer
can also be achieved via a hydration pattern different from thatéapathway. Here, utilizing
gluconeogenesis, PEP is first hydrated paposition to 2-phosphoglycerate (Fig. 5.1E).
Following gluconeogenesis, glycerol is synthesized by reductidihgfiroxyacetone-phosphate

using glycerol-3-phosphate dehydrogenase followed by dephosphorylation gigceyol
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phosphatase. Subsequently, glycerol is dehydrated to 3-hydroxypropiona&detigd glycerol
dehydratase (Gdh). Two types of Gdh exist in natitebsiella Gdh is composed of three
subunits and utilizes coenzyme B12 as a prosthetic group (18). Howdebsjella Gdh is
irreversibly inactivated upon reaction with glycerol. A readihg factor is necessary for
subsequent glycerol dehydration. Glycerol dehydratase reactMaictor (Gdr) utilizes energy
from ATP hydrolysis to reactivate Gdh (19), increasing additiéf& cost and contributing to
the net ATP deficiency of this synthetic pathw&yostridium Gdh on the other hand does not
require Coenzyme B12 for catalysis. Inste@hhstridium Gdh requires an activation enzyme to
introduce a glycyl radical required for catalysis (20). Similar pyruvate:formate lyase,
Clostridium Gdh is oxygen sensitive, prohibiting its function in many aerobic psese While
all enzymes of this synthetic pathway are available in natume,overall thermodynamics is
more favorable than all other pathways, both the ATP demand and the noimdrezymes

required are significantly larger than the other pathways.

5.2.2. In vitro biosynthesis of malonyl-CoA fromB-alanine

From the thermodynamics and feasibility analysis, we pdszkwithin vitro analysis of
the aspartate dependent pathway. The first question is the rditgrsabi Mcr. While
thermodynamics analysis suggests its reversibility, Mcmioba®een demonstrated to function in
the oxidative direction. Since malonate semialdehyde is not cariaiheravailable, we
conducted a coupled reaction using SKPYD4 and Mcr (Fig. 5.5A) to copaaddnine to
malonyl-CoA. SkPYD4 and Mcr were individually purified using poly-tfig. The results are

shown in HPLC chromatogram (Fig. 5.5B). Malonyl-CoA is only synthesized upon pregence

131



A 10 10
a-kG  Glu o o NADP  NADPH C D
(o] NH o o 8 8
g N A NS f g . ¢
SkPYD4 Malonate CoA Mcr o - 6 6
B-Alanine semialdehyde o Malonyl-CoA E i . ()
mAU I S 1 i 4
B Malonyl-CoA % o
| CoA-SH s 2 ¢ 2 f@
J I v All enzymes present b
iz | ST . -~ Lenzym
400 : g 0oe . . . 0e
£
No B-alanine by 0 10 20 30 40 0 10 20 30 0
et S B-alanine concentration (mM) a-ketoglutarate concentration (mM)
300 il No a-ketoglutarate _E'
| T 12
— No NADP* -
: S 10 | E 10 | F )
200 h E i * é é
7, | . . - __NoCoA e g | i 8 | §
e No SkPYD4 &1 i °l e
1904 4 | 4 @
i' | No Mcr é
5 2 2 -
o4 L b\/L Standards 0 0
0 0.5 1 15 2 0 0.5 1 1.5 2

5 10 5 20 mir NADP concentration (mM) Coenzyme A concentration (mM)
Elution time (min)

Figure 5.5. . Biosynthesis of malonyl-CoA frgixalanine. A) schematics of the coupled reaction
containing SkPYD4 and Mcr. Titration of substrates and cofactoysg-8lanine, C)a-
ketoglutarate, D) NADP. and E) CoA. Except the substrate being titrated, concentrations
other substrates were: 1 mM of NADPL mM of CoA, 30 mMp-alanine, and 30 mMu-
ketoglutarate. Reaction was catalyzed using 200 nM of SKPYD4, and 200 nM of Mcr.

all components in the reaction, indicating both the reversibilitiMof and the feasibility of
malonyl-CoA biosynthesis froi+alanine.

To explore the dependence of this synthetic malonyl-CoA pathwathersubstrate
concentrations of these two steps, we titrated each reactantduallyi into the system and
observed their effect on the rate of malonyl-CoA formationeRdtmalonyl-CoA synthesis
reaches maximum at around 20 to 30 mMpedlanine (Fig. 5.5C) and-ketoglutarate (Fig.
5.5D). Both of these reactants achieve half-maximum rate aroun8l thkd which is consistent
with the literature Km value of SkPYD4 f@-alanine andu-ketoglutarate (14). On the other
hand, both NADP+ (Fig. 5.5E) and CoA (Fig. 5.5F) saturates rateatufnyl-CoA formation

within concentration of 1.5 mM. These results indicated that rateatdnyl-CoA biosynthesis

requires high concentration pfalanine andi-ketoglutarate. Natural flux to
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Figure 5.6. One pot biosynthesis of malonyl-CoA from oxaloacetgt¢iPA.C chromatogram
showing synthesis of malonyl-CoA only upon presence of all enzyrap€ APanD, SkPYDA4,
and Mcr. Titration of individual enzymes in aspartate dependent biosystifanalonyl-CoA: B)
AspC, C) PanD, D) SKPYD4, and E) Mcr. Reaction mixture containddnaié of NADF", 1
mM of CoA, 20 mM oxaloacetate, 15 méddketoglutarate, 15 mM glutamate, 100 uM of PLP.
Except the enzyme being titrated, concentrations of other enzymes were kepttairs{aM.
B-alanine from aspartate is not expected to be large becaub@sismthesis is mainly for
synthesizing CoA, which only minor amounts are required. Therefaeelikely that formation

of B-alanine may be a limiting factor in this pathway.

5.2.3. Effect of individual enzyme concentration on rate of malonyGoA biosynthesis from
oxaloacetate

To study the overall rate of malonyl-CoA biosynthesis using #paréate dependent
pathway, we constructed am vitro system composed of AspC, PanD, SkPYD4, and Mcr to
convert oxaloacetate to malonyl-CoA (Fig. 5.4). We chose to use fambDCorynebacterium
glutamicumfor its more efficient maturation (21). As shown in HPLC chatmgram (Fig. 5.6A),

malonyl-CoA is only synthesized upon presence of all four enzymtég system, indicating the
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functional constitution of this synthetic pathway. To analyze theesdration effect of each
enzyme on the biosynthesis of malonyl-CoA from oxaloacetate ndigidually titrated each
enzyme in this four step reaction while keeping the concentratiothef enzymes constant at 1
KM. No change in rate of malonyl-CoA formation was observed wherotieentration of AspC
was increased (Fig. 5.6B), indicating that AspC bares no bottleonedki$ pathway. On the
other hand, reaction rate increased with PanD concentration until 46igMs(6C). This result
indicated that PanD is the limiting step in this synthetic paghwich is consistent with our
expectation ag-alanine is not naturally produced at large flux. Both SkPYDA4. (5i§D) and
Mcr (Fig. 5.6E) reaches maximum reaction rate at around 4 udofme concentration. From
these results, we deduced that the optimum ratio of AspC:PanD:SkM¥Dir malonyl-CoA

biosynthesis is 1:40:4:4.

5.2.4. PLP-dependent aspartate a-decarboxylase enhanced rate of maloGgA
biosynthesis

Considering the large concentration of PanD required to reachurptrate of malonyl-
CoA biosynthesis, we searched for alternative candidate enzynasgdartate decarboxylation.
Most amino acidu-decarboxylases such as glutamate decarboxylase and lyserbailgdase
use pyridoxal 5-phosphate (PLP) for catalysis. Turnover number of glutamateaedase (22)
(24.85 &) and lysine decarboxylase (23) (3f) are both higher than that of PanD (24) (0.85 s
in E. coli, indicating more efficient catalysis with PLP. Inspired hig iobservation, we searched
for aspartate decarboxylase using PLP as a cofactor. Aspdetatdboxylase (ADC) frorAedes
aegypti (25) is a structural homologue of glutamate decarboxylase usiRgaB a cofactor.

Therefore, we recruited ADC to replace PanD in our synthetic pathway.
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Figure 5.7. Titration of individual enzymes in malonyl-CoA biosynthesis with dRig&ndent
aspartate decarboxylase. Titration of individual enzymes: B) AD@Q\spC, D) SkKkPYD4, and E)
Mcr. Mcr. Reaction mixture contained at 1 mM of NADR mM of CoA, 20 mM oxaloacetate,
15 mM a-ketoglutarate, 15 mM glutamate, and 100 uM of PLP. Except the enzyme haitegl fit
concentrations of other enzymes were kept constant at 1 pM.

Next, we again titrated each enzyme in the four step reavtiin PLP dependent
aspartate decarboxylase. Malonyl-CoA synthesis reachesmmaxrate at 8 uM of ADC (Fig.
5.7A), which is significantly less than the 40 uM of PanD requioec&hieving maximum rate.
AspC (Fig. 5.7B) and SkPYD4 (Fig. 5.7C) achieved highest rateilst 4nd 4 uM, respectively,
which is identical to the PanD dependent system. Mcr required ® u&ach highest rate in this
system (Fig. 5.7D). Together, these results showed that usingéfldhdent ADC, we are able
to reduce the amount of enzyme required to achieve higher ratdafytr@oA synthesis. The

optimum ratio of AspC:ADC:SkPYD4:Mcr is 1:8:4:8, which may be easier to impieimeivo.
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5.3. Discussion

Synthetic metabolism enables biosynthesis of various valuable compountds a
introduces new functions to cells. Nature uses limited sets @hwiées to construct a diverse
space of complex molecules. Carbon chain elongation offers mossitlivend complexity in
molecules produced. Malonyl-CoA is one of the principle carbon extendexchieving this
chemical diversity. In this study, we described the design and praoihcEpt demonstration of
a synthetic malonyl-CoA biosynthesis pathway. We have showrinthétro conversion of
oxaloacetate to malonyl-CoA in four enzymatic steps. In partictha rate of malonyl-CoA
biosynthesis demonstrated is comparable to thatnoVitro fatty acid biosynthesis (26),
suggesting compatibility of this synthetic pathway for biofuel production.

Migration of the a-keto group of pyruvate to th@-position, forming malonate
semialdehyde, is the major challenge for designing synthetlonyl-CoA pathway. Because
such isomerization is not available, alternative reaction schameesecessary to achieve this
result. Carboxylation of PEP to oxaloacetate introduces a carlgoayp at they-position of
pyruvate. The originafi-keto group of pyruvate therefore beconfieketo relative to this new
carboxyl group (Fig. 5.1B). Subsequent decarboxylation of the origimaVaye carboxyl group
yields malonate semialdehyde. However, enzyme catalyzing dkdecarboxylation of
oxaloacetate is not found in nature, therefore hindering the developntérg pathway. Instead
of decarboxylation of oxaloacetate, we utilized the decarboxylatiasmdrtate which is readily
available in nature. In our synthetic pathway (Fig. Seatketo group of oxaloacetate is
transaminated into amino group to facilitate thdecarboxylation int@-alanine. Subsequent

transamination returns keto functionality and forms malonate seimj@deUsing this aspartate
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shunt, we effectively converted oxaloacetate into malonate sehydkele This synthetic
pathway has the same ATP cost as the natural Acc dependent pathway.

Recent advances (1, 27) have shown that malonyl-CoA can also beous€oA-
dependent chain elongation. Decarboxylative condensation of malonyla@bAacetyl-CoA is
irreversible and thus provides driving force for downstream pathwaysmportant design
principle for engineering photosynthetic organisms (1, 28). CoA dependant elbagation
includes Clostridium pathway for 1-butanol production (29) and mevalonate pathway for
production of diverse downstream isoprenoids-based compounds (30). Incorpofatima o
synthetic malonyl-CoA pathway infa vivo systems would enahnce production of these diverse

malonyl-CoA derived products.

5.4. Materials and methods
5.4.1. Chemicals and reagents

All chemicals were purchase from Sigma-Aldrich. KOD and Kéxtreme DNA
polymerases were purchased from EMD Biosciences. Phusion DNAe@ge, and ligases
were purchased from New England Biolabs (Ipswich, MA). T5-Exonucleaspwesased from

Epicentre Biotechnologies. Oligonucleotides were obtained from IDTD&ayo, CA).

5.4.2. Plasmid constructions

A list of plasmids used in this work is presented in Table 5.S8. plasmids were
constructed by isothermal DNA assembly method (31). Plasmids prepagated and stored in
E. coli strain XL-1 blue. Promoter and enzyme coding regions of all piissmere verified by

DNA sequencing performed by Genewiz (San Diego, CA). Geoe was synthesized by
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Genewiz (South Plainfield, NJ) with codon optimization Eorcoli. Genesskpyd4andadc were

synthesized by DNA2.0 (Menlo Park, CA) with codon optimizatiorEocoli.

5.4.3. Protein expression and purification

All enzymes used in this study were expressed in BL21(DE3)s @Gere inoculated
from an overnight preculture at 100X dilution and grown in 2XYT ricldion@ containing 50
mg/L spectinomycin. At O, of 0.6, cell cultures were induced with 1 mM IPTG and incubated
at 30 °C overnight. Cells were pelleted by centrifuging at 430oc 20 minutes. Cell pellets
were resuspended in His-Binding buffer (either from Zymo or EMiigdre) and lysed either
using TissueLyser Il (Qiagen) or Sonicator (Branson Sonifier.250)uble proteins were
separated from insoluble cell debris by centrifugation at 16,0060k 20 minutes. His-tagged
enzymes were then purified using either His-Spin Protein MipiZgmo) or Amicon® Pro
Affinity Concentration Kit Ni-NTA (EMD Millipore) accordingd manufacturer’s instruction.
Purified enzymes were subjected to buffer exchange and storedutiorsalontaining 50 mM
Tris-HCI pH 8.5, 1mM DTT, and 20% glycerol at -80 °C. For AspC, SKPYDui, ADC,

additional 100 uM of PLP was added to storage buffer.

5.4.4. Analysis of synthetic malonyl-CoA pathways
Thermodynamics of each reaction step was calculated uQuigleator (32) with either
standard conditionAG’®) or physiological relevant conditiolAG’ at 1 mM substrate and

product concentration, pH 7.0, and ionic strength of 0.1 M).
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5.4.5. Kinetic analysis of malonyl-CoA biosynthesis

Since NADPH is produced at 1 to 1 stoichiometric ratio with malonyl-CoA &ibiner3-
alanine or aspartate, spectrophotometeric assay monitoring thepehsance of NADPH
corresponding to absorbance at 340 nm was used. Absorbance at 340 muoniased using
Bio-TEK PowerWave XS microplate spectrophotometer. For deterghthia effect of substrate
concentration on rate of malonyl-CoA biosynthesis frpralanine, individual substrate was
varied as indicated while keeping the concentration of other subst@tetant at 1 mM of
NADP+, 1 mM of CoA, 30 mMp-alanine, 30 mMa-ketoglutarate.a-Ketoglutarate was
neutralized with NaOH prior to mixing with the enzymatic reactThe reaction also contained
200 nM SKPYD4, and 200 nM Mcr in 50 mM Tris-HCI pH 8.5. reaction wasestdry addition
of B-alanine.

For determining the effect of individual enzyme concentration anohimalonyl-CoA
biosynthesis from oxaloacetate, concentration of each enzymevamasl as indicated while
keeping the concentration of other enzymes at 1 uM. The reactidarencontained 20 mM
oxaloacetate, 15 mM-ketoglutrate, 15 mM glutamate, and 80 uM PLP in 50 mM Tris-HCI pH

8.5.

5.4.6. HPLC analysis of malonyl-CoA

Separation of CoA and malonyl-CoA was achieved using HPLC equipitdan
autosampler and a C18 column (TOSOH, TSKgel ODS-100Z 4.6 x 150 mm, FPpoduct
elution was carried out using gradient program with 50 mM sodiunatacgH 3.7 as aqueous

solvent and acetonitrile as organic solvent with flow rate of 1nmri/The gradient program
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used is summarized in Table 5.S4. Product elution was monitored at 2G4imgndiode array

detector. Injection volume was 20 pL. column temperature was kept at 30 °C.

140



Table 5.S1. Synthetic malonyl-CoA biosynthesis pathways with enzymes awailadature

Aspartate pathway

Phosphoenolpyru Phosphoenolpyru  Oxaloacetate + ) .
1 vate carboxylase 4.1.1.31 vate + CQ phosphate 43.2 -43.2 Irreversible
Aspartate Oxaloacetate + Aspartate +o- :
2 aminotransferase Rt glutamate ketoglutarate £ 1S R
Aspartate 1- . .
3 decarboxylase 41.1.11 Aspartate B-alanine + CQ -19.9 -35.8 Irreversible
. . Malonate
B-Alanine B-alanine +o- . .
4 aminotransterase 2.6.1.19 ketoglutarate semialdehyde + 9.8 11 Reversible
glutamate
Malonate
5 M?L%Z%ESS%A 1.2.1.75  semialdehyde + Malﬁ?gpcﬁA T 149 75  Reversible
CoA + NADP
Glycerol pathway
Phosphoenolpyru 2- .
1 Enolase 4.2.1.11 vate + HO phosphoglycerate 2.0 3.3 Reversible
p | PRESEIEbERES o g g Z - 57 59  Reversible
mutase phosphoglycerate phosphoglycerate
3- 1,3-
Phosphoglycerate bisphosphoglycer .
3 e 2.7.2.3 phosphoglycerate ate + ADP + 7.8 8.1 Reversible
+ ATP
phosphate
Glyceraldehyde- 1,3- %’chﬁzldﬁ;}édf
4 3-phosphate 2.7.2.3  bisphosphoglycer pNA£+ -7.8 -3.1 Reversible
dehydrogenase ate + NADH phosphate
5 Trlqsephosphate 531.1 glyceraldehyde 3- Dihydroxyaceton 77 77 Reversible
isomerase phosphate e phosphate
Glycerol-3- Dihydroxyacetone Glycerol-3-
6 phosphate 1.1.1.8 phosphate + phosphate + -46.3 -43.3 Irreversible
dehydrogenase NADH NAD
Glycerol Glycerol-3- Glycerol + i .
7 phosphatase 3.1.3.21 phosphate+ bO phosphate 1.1 15.3 lIrreversible
8 Clreeil 4.2.1.30 Glycerol hydroxjp-)ropiona -36 -36 Irreversible
dehydratase idehyde + HO
3- 3- 3-
9 hydroxypropiona  1.2.1.- hydroxypropional hydroxypropiona -41.5 -45.2 Irreversible
Idehyde dehyde + NAD te + NADH
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10

11

3a

3b

dehydrogenase

3-
hydroxypropiona

te dehydrogenase

Malonyl-CoA
reductase

Pyruvate kinase

Lactate
dehydrogenase

Propionyl-CoA
transferase

Propionate-CoA
ligase

lactoyl-CoA
dehydratase

3-
hydroxypropiony
[-CoA
dehydratase

3-
hydroxypropiony
[-CoA
hydrolase

3-
hydroxypropiona
te dehydrogenase

Malonyl-CoA
reductase

1.1.1.59

1.2.1.75

2.7.1.40

1.1.1.27

2.8.3.1

6.2.1.17

4.2.1.54

42.1.11

3.1.2.--

1.1.1.59

1.2.1.75

3-
hydroxypropionat
e + NADP

Malonate
semialdehyde +
CoA + NADF

Malonate
semialdehyde +
NADPH

Malonyl-CoA +
NADPH

Lactate pathway

Phosphoenolpyru
vate + ADP +
phosphate

Pyruvate +
NADH

Lactate +
Propionyl-CoA

Propionate + ATP
+ CoA

Lactoyl-CoA

Acyloyl-CoA +
H,O

3-
hydroxypropionyl
-CoA + H,0

3-
hydroxypropionat
e + NADP

Malonate
semialdehyde +
CoA + NADF
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Pyruvate + ATP

Lactate + NAD

Lactoyl-CoA +
Propionate

Propionyl-CoA +
AMP + PPi

Acryloyl-CoA +
H,O

3-
hydroxypropiony
[-CoA

3-
hydroxypropiona
te + CoA

Malonate
semialdehyde +
NADPH

Malonyl-CoA +
NADPH

23.7

-14.9

-30.6

-20.2

-10.5

-25.8

23.7

-14.9

18.8

-29.3

-17.8

-10.4

-27.1

18.8

-7.5

Reversible

Reversible

Irreversible

Reversible

Reversible

Reversible

Reversible

Reversible

Irreversible

Reversible

Reversible



Table 5.S2. Synthetic malonyl-CoA biosynthesis pathways with enzymes nobkevailaature

1 Pyruvate kinase
> B-alanine
aminotransferase
3 Alanine
aminomutase
Malonyl-CoA
4
reductase
1 Phosphoenolpyru
vate carboxylase
2 Oxaloacetate
3 Malonyl-CoA
reductase

2.7.1.40

2.6.1.18

1.2.1.75

4.1.1.31

1.2.1.75

a-Alanine pathway

Phosphoenolpyr
uvate + ADP + PRI < -30.6
ATP
phosphate
a-alanine +
Pyr:l\; ar;[ii ;ﬁ' malonate 9.8
semialdehyde
a-alanine B-alanine 0.4
Malonate
semialdehyde + Mflﬁg?ggﬁﬁ‘ -14.9
CoA + NADP
Oxaloacetate pathway
Phosphoenolpyr Oxaloacetate + 432
uvate + CQ phosphate ’
Malonate
oxaloacetate semialdehyde -13.9
Malonate
semialdehyde + Mflﬁg?ggﬁﬁ‘ -14.9
CoA + NADP

143

-29.3

9.8

0.4

-43.2

-29.7

Irreversible

Reversible

Reversible

Reversible

Irreversible

Irreversible

Reversible



Table 5.S3. Plasmids used in this study

Plasmid Genotypes Reference
pCDFDuet Spéet, CDF ori; B-::MCS (His tagged) Novagen
pCDF-SkPYDA4 Spe€; CDF ori; R+:Skpyd4(His tagged) This work
pCDF-AspC Spe€; CDF ori; R+:aspC(His tagged) This work
pCDF-PanD Spe€; CDF ori; R+:panD (His tagged) This work
pEL230 Karf; pUC ori; Rs::adc (His tagged) This work
pEL141 AmpR; CDF ori; Rs:mer (His tagged) This work

Table 5.54. HPLC parameter for separation of malonyl-CoA

Buffer A Buffer B Gradient

Time (min) %B

0 2

4 2

50 mM Sodium acetate o
Acetonitrile 8 8
pH 3.7

12 20
15 45

20 2
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6. METABOLIC ENGINEERING OF 2-PENTANONE SYNTHESIS IN ESCHERICHIA
COLI
6.1. Introduction

Building on the success of tmebutanol pthway, we also expand the chemical diversity
of microbial products. We constructed a synthetic recursiven adlangation by expanding on
the CoA-dependent pathwayhhn coliand integrated it with acetone biosynthesis. In this chapter,
we metabolically engineerdd. coli for production of 2-pentanone, a methyl ketone with five
carbons used as a solvent and flavor additive.

In the past century, the chemical industry relied almost axelyson fossil resources
such as petroleum, coal, and natural gas. Biological processes hkowsé of renewable
resources such as sugars (1), lignocellulose (2), waste pradins €ven CQ (4-6) as raw
materials, and represent an important solution for energy and enviramestilems (7). To
achieve green manufacturing and to replace fossil raw matanathe chemical industry,
expanding the chemical repertoire that a living organism can proslessential. To meet this
goal, microorganisms have been engineered to produce a wide array of produgts (8-11

Ketones are an important class of solvents produced in large gganiihe simplest
form, acetone, has been produced by microbial processesQlsestgdium(12). To expand the
chemical diversity of microbial synthesis, here we aim to produugher chain methyl ketone,
2-pentanone. Methyl ketones are used as solvents, and have been found guantdies in
microbial fermentation products (13). Methyl ketones are also asefbod additives for
providing scent and flavoring (14). In particular, 2-pentanone is a plgrrachl naturally
produced in banana and carrot, and has been demonstrated to inhibit cyctasryZdCOX-2)

(15) which is involved in inflammatory processes and potentially agsocwith colon cancer.

149



Recently,E. coli has been engineered to produce long chain methyl ketones with htbbhs
by re-assimilating fatty acids into fatty acyl-coenzymg@oA) (16). Fatty acyl-CoA is then
partially metabolized byp-oxidation to B-ketoacyl-CoA which is then hydrolyzed and
decarboxylated to methyl ketone. Here we describe the engigesrE. coli to synthesize 2-
pentanone without requiring fatty acid production.

To produce 2-pentanone, we extend the CoA dependent pathway (Fidnab.lepds to
acetone and n-butanol production (17, 18) for one more round of carbon chairtietohga
applying the principle described for keto-acid chain elongation 209. Note that the CoA
dependent pathway resembles the reaction sequenceBb#mation in reverse (21). The CoA
dependent pathway (Fig. 6.1) starts from acetyl-CoA, an essemdiabolite in all organisms.
The carbon number in acetyl-CoA can be increased to make acgktododt, which after
hydrolysis and decarboxylation produces acetone. If the chain lengilcetdacetyl CoA is
further increased to become 3-ketohexanoyl CoA (Fig. 6.1), simdahémical transformations
can be performed on this compound to produce 2-pentanone. To achieve thidfigemalt e
expression of the CoA dependent chain elongation pathway is essential.

Many groups have transferred tkostridium n-butanol pathway into heterologous
organisms as an alternative platform for n-butanol production (22-26). \dowene of the
enzymes, butyryl-CoA dehydrogenase electron transferring flat@prcomplex (Bcd/Etf), in
the Clostridium CoA dependent pathway was not expressed well in heterologous organidms
resulted in low titers of butanol produced. This difficulty preverfitether engineering of the
CoA dependent pathway. To solve this problem, Bcd/Etf was replacaars2-enoyl-CoA
reductase (Ter). This replacement partially overcomes theudljf of heterologous n-butanol

production (1, 27). Further engineering of increasing acetyl-CoA akidHNconcentration as
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driving forces proved to be most effective to push the flux against the thermodygraient of
the condensation of two acetyl-CoA, a reaction WAtR®’ of 28.5 kJ/mol. Together, higher
acetyl-CoA and NADH concentrations lower the energy barrignepathway and produce high
titer and yield of n-butanol (1). These results paved the wafufther engineering of the CoA-
dependent pathway.

The native CoA-dependent pathway extends the carbon chain leagthvito (acetyl-
CoA) to four (butyryl-CoA). This chain length extension enables theymtion of n-butanol,
rather than ethanol. The same reaction sequence could be repeat@ease the carbon chain
length by using enzymes that are active towards various chgthseriFor example, expression
of a promiscuous thiolase, which catalyzes the first step affthim elongation by condensation
of acyl-CoA’s, enables successive rounds of carbon chain elongatmodoce 1-hexanol and
1-octanol (28, 29).

Here we constructed the CoA dependent chain elongation pathway faoiwds of
acyl-CoA condensation and demonstrated for the first time the produsfti2-pentanone in an
engineered organism. We identified the acyl-CoA hydrolysis ot gmoup transfer as a limiting
step for 2-pentanone synthesis. After improving this step, thestoast produces 2-pentanone to

240 mg/L, representing an increase of 20 fold.

6.2. Results
6.2.1. Constructing the 2-pentanone production pathway

Previously, a modified CoA dependent chain elongation pathway (28)omatucted in
E. coli by overexpression of a promiscudgii&eto-thiolase (BktB) fronRalstonia eutrophavith

rest of the CoA dependent pathway enzymes, thiolase (AtoB), 3-hydroxy bGtAyl
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Figure 6.1. Schematic of 2-pentanone synthesis. Other products roadéé CoA dependent
pathway are also shown as references. Blgtieto-thiolase; Hbd, hydroxybutyryl-CoA
dehydrogenase; Crt, crotonase; Teans2-enoyl-CoA reductase; Pcall, 3-oxoadipate CoA-
succinyl transferase; AtoDA, acetate CoA-transferase. RRalstonia eutropha Cace,
Clostridium acetobutylicumTden, Treponema denticojaPput, Pseudomonas putigaEcol,

Escherichia coli

dehydrogenase (Hbd), crotonase (Crt), and Ter. This synthetic gyattvabled the production

of six carbon CoA intermediates as demonstrated by the synthdsisesanol. Since BktB also

catalyzes the condensation of two acetyl-CoA into butyryl-CoA, At@® removed from the

pathway in this work, reducing the enzymes required for CoA depenmti@am elongation

pathway to BktB, Crt, Hbd, and Ter.

Methyl ketones are produced frgirketo acids derived frorfi-ketoacyl-CoA. Acetone,

the simplest ketone, is naturally produced @lgstridia. The Clostridium acetone production

pathway branches out from the CoA-dependent pathway from the acgtdaagt node.

Acetoacetyl-CoA goes through a transthiolation by reacting wittatecti form acetoacetate and

acetyl-CoA using acetoacetyl-CoA transferase frGiostridium acetobutylicun{CtfAB) or

from E. coli (AtoDA) (31, 32). Acetoacetate is then decarboxylated into acetone by acateacet
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A PlacO, B PlacO;

Replacement of atoDA by bioprospected genes

pDK73
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ColA ori
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i
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T \ Thioesterase Single protein  Protein complex '}
\

adc CoAtransferase  CoAtransferase

pDK73 and its derivatives, B) pDK69. Coexpression of these two plasmids enabled synthesis of
2-pentanone.

decarboxylase (Adc). By co-expressing the CoA dependent chaigaglom (BktB, Crt, Hbd,

and Ter) with AtoDA and Adc, we expected to synthesize 2-pentanone3fiagtohexanoyl-

CoA (Fig. 6.1).

To simultaneously express AtoDA, Adc, and the CoA dependent chain étongat
pathway, we constructed two plasmids (Fig. 6.2) with differentrerigf replication. Plasmid
pDK73 (Fig. 6.2A) harbored gendktB, atoDA andadc under an IPTG inducible promoter
P.lacO1. Plasmid pDK69 (Fig. 6.2B) harboreed, crt, andhbd, which were also transcribed by
promoter PPlacOl. To minimize the formation of side products, mixed acichdetation
pathways were knocked out in the host strain JCLIN@h( AfrdB, AadhE). As shown in Fig.
6.3A, strain JCL166 expressing plasmid pTA3@B, atoDA adc produced only acetone, and
2-pentanone was undetectable as expected. On the other hand, 6 mg/L of 2-pentanone (Fig. 6.3C)
was produced by strain JCL166 expressing plasmid pDKKiB (atoDA adg and pDK69 fer,
crt, hbd). Interestingly, 2 mg/L of 2-pentanone (Fig. 6.3B) was also pextiby strain JCL166
expressing only plasmid pDK73, indicating that some ndfiveoli enzymes had the catalytic
properties of the CoA dependent chain elongation. The identity of 2-pentprumheced was

verified by GC-MS. The fragmentation pattern of the product (Fig. 6.3D) nthtbheof the 2-
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Figure 6.3. Gas chromatogram of the 2-pentanone production. (A) JCL166/pTBBO, (
JCL166/pDK073 and (C) JCL166/pDK073/pDK069. Mass spectrum of (D) 2-pentanone
produced by JCL166/pDK073/pDK069 and (E) 2-pentanone standard.

pentanone standard (Fig. 6.3E), confirming the compound produced by JCL166/pDK8&9/

was 2-pentanone. In all cases, the major product was acetone, indibatireither AtoDA and

Adc were highly selective for four carbon substrates or they outdechpdain elongation

enzymes (BktB, Hbd, Crt, and Ter) in diverting carbon flux to acetone.

6.2.2. CoA transferase enables production

To determine the limiting step for 2-pentanone synthesis,ratecbhmpared 2-pentanone
production pathway with that of the 1-hexanol production. The two pathstays the common
intermediate 3-ketohexanoyl-CoA as the result of second rounarledrc chain elongation. We
previously demonstrated the production of 1-hexanol up to 500 mg/L (29), vehathleast 2
orders of magnitude higher than the 2-pentanone produced. Therefor@riiagidn of 3-
ketohexanoyl-CoA catalyzed by BktB is less likely to be imitihg step. Next, we rule out Adc
as potential limiting step. Decarboxylation [pketo acids to methyl-ketone is likely to occur
spontaneously (16) and enables production of long chain methyl ketone up tmg200
Therefore we reasoned that the potential limiting step for 2-pentanone symtAg#soDA.

To search for a CoA transferase more suitable than AtoD2-fmntanone synthesis, we
used the protein sequence of AtoD and BLAST to identify potential Cafsferases that are
capable of removing CoA from 3-ketohexanoyl-CoA. We cloned CoA trasssr from
organisms includinglostridium acetobutylicuprClostridium beijerinckii Clostridium difficile
Psudomonas putidaHelicobacter pylorj Xanthomonas campetridRalstonia eutrophaand

Bacillus subtilis The identities of these homologues to AtoD range from 40% to 54%B Ct
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from C. acetobutylicunt33) andC. difficile have been demonstrated and annotated, respectively,
to catalyze the CoA transfer between acetate and acetie@c#t as well as between butyrate
and acetoacetyl-CoA. On the other hand, the other transferaseanvetated for catalyzing the
CoA transfer between 3-keto acid and succinyl-CoA. To broaden owhsgaran enzyme
efficient in converting 3-ketohexanoyl-CoA to 3-ketohexanoate, we dloime single protein
CoA transferase Cbei_2103 fro@ beijerinckiiand Catl, Cat2, and Cat3 fro@lostridium
kluyveri Additionally, we cloned thioesterases TesB, FadM, Paal, and Yoy Hr coli to
directly hydrolyze 3-ketohexanoyl-CoA.

The genes encoding for these CoA transferases and thioestevase individually
cloned to replacatoDAin plasmid pDK73 (Fig. 6.2A). These plasmids were transformedeinto
coli with pDK69 to complete the pathway for 2-pentanone synthesis. Thdotraasts vary
greatly in colony size, indicating potential metabolic strébgrefore, as a standard practice, we
chose the smaller colonies to continue production assay. As shown G4AgCoA transferase
from P. putidg H. pylori, X. campetrisandR. eutrophancreased the production of 2-pentanone
as compared to AtoDA. In particular, PcalJRofputidaand Reut_1331 1332 &. eutropha
achieved the highest increase of 2-pentanone production to 99 = 33 ny/dat 9 mg/L
respectively. The CoA transferases frof. coli, C. acetobutylicum C. Dbeijerinckii
(Cbei_2654 2653 andC. difficile are selective for acetoacetyl-CoA as demonstrated by high
acetone production (Fig. 6.4B) and minimal production of 2-pentanone. Wétbxiception of
Pcald fromP. putida(34), the other enzymes demonstrated to aid 2-pentanone synthesis are
uncharacterized proteins. Furthermore, enzymatic activities do@+ketohexanoyl-CoA of all
enzymes tested were previously unknown. Therefore, the findings obttldg may bring

insights for the substrate specificity of these enzymes.
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Figure 6.4. Production of 2-pentanone from expression CoA dependent chain iefoagak
bioprospected enzymes for converting 3-ketohexanoyl-CoA to 3-ketohegahiost strain used

was JCL166 AadhE Aldh, AfrdB). Production was carried out in LB 1% glucose for 20 hours.
Cbei A, 3833, 3834; Cbei B, 2654, 2653; gene names for other enzymes are listed in Table 6.1.
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6.2.3. Time course of 2-pentanone production

The precursors for CoA dependent chain elongation and 2-pentanone production are
acetyl-CoA and NADH. For each mole of 2-pentanone produced, thries ofcacetyl-CoA and
two moles of NADH are required. Glycolysis provides two ac€wyh and four NADH per
mole of glucose consumed. Therefore, two moles of glucose can prthidaeemoles of 2-
pentanone, giving it a maximum theoretical yield of 67% molar cororersiowever, for each
mole of 2-pentanone produced, four moles of NADH are produced in eXtesefore micro-
aerobic environment was necessary for 2-pentanone production to awmaugaton of NADH
in strain JCL166. To increase the driving force for 2-pentanone production, wE.usgdstrain
JCL299 which is strain JCL166 witlpta deleted to increase intracellular acetyl-CoA
concentration. Accumulation of acetyl-CoA overcomes the large thgmaodc barrier (1)of
the condensation reactions catalyzed by BktB.

To compare the effectiveness of different enzymes (PcalReeg_1331_1332) and
acetyl-CoA driving force (with or without pta deletiopjasmids pEL142 (harboringktB, pcal],
andadg and pEL145 (harborinigktB, Reut_1331 1332dg were individually transformed into
JCL299 QldhA AadhE AfrdBC Apta) and JCL1664JdhA AadhE AfrdBC) with plasmid pDK69 (harboring
ter, crt, andhbd). Time courses of the 2-pentanone and acetone productions in tlagse ste
shown in Fig. 6.5. As expected, increasing intracellular acetylHopta deletion (in JCL299)
increased the production of 2-pentanone. 2-pentanone production (Fig 6.5A) by
JCL299/pEL142/pDK69 (overexpressing PcalJ) reached the highesofti&t0 mg/L. Strain
JCL299/pEL145/pDK69 (overexpressiRgut 1331 1332)roduced less 2-pentanone, reaching

final titer of 110 mg/L. On the other hand, acetone production (Fig. 6.5B) from strain
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Figure 6.5. Time course for (A) production of 2-pentanone and (Bpraeet(C) glucose
consumed, (D) cell densityppta+ and Apta represent the presence and absence of pta on the

chromosome, respectively.
JCL299/pEL145/pDK69 exceeded that from strain JCL299/pEL142/pDK69 by around,4 fol
indicating thaiReut_1331 133B more selective for acetoacetyl-CoA than PcalJ.

To test if product toxicity inhibited production, we inoculated str&h2B9 into the TB
medium supplemented with various concentrations of 2-pentanone and acetone. As shown in Fig.
6.6, 600 mg/L of 2-pentanone inhibits 50 % of the cell growth. At 5 g2-péntanone, growth

was inhibited completely. On the other hand, acetone is much less toxic as 50% growth
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Figure 6.6. Toxicity level of 2-pentanone and acetorte tpoli. Cell tolerance for 2-pentanone is
significantly lower than that of acetone. 600 mg/L of 2-pentanone inhibited 50 % of growth.
inhibition occurs at 12 g/L of acetone. In our best producing si@ir299/ pEL142/pDK69, the
production of both 2-pentanone and acetone are below toxicity levels, imgliteit the cease of

production is unlikely due to toxicity, and further improvement is possible.

6.3. Discussion

Natural organisms use a finite set of pathways and chentisgynthesize metabolites
required for growth and survival. Some of these metabolites meg asrfuels, chemicals, and
pharmaceuticals. To expand the chemical space available frombesgrsynthetic biology and
metabolic engineering methods are employed for designing metabolic pathways. By
hybridizing different pathway features, new chemicals are pradbgerecombinant microbes.
These synthetic pathways can then be integrated into various microorganishis oapélizing
a variety of resources such as £4B@5-37), syngas (38), and waste proteins (3), thus broadening

the choice of green production strategies.
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Here we engineered a strainkfcoli to produce 2-pentanone at 240 mg/L in 3 days by
constructing a synthetic 2-pentanone production pathway based on CoA depemaient
elongation. CoA transferase step was identified as the potentiihg step for 2-pentanone
synthesis as demonstrated by enhanced production upon expressionJofrétod®?. putida
PcalJ has been identified dsketoadipate:succinyl-CoA transferase (34) involved in the
degradation of benzoate and 4-hydroxybenzoate. It is likely thaf Bofperformed the other
CoA transferases and thioesterases for 2-pentanone synthesiséet the similarity between
its natural substrate 3-ketoadipate and 3-ketohexanoate, the préocug@entanone (Fig. 6.1).
It is also possible that a competition for carbon flux exists é&twcarbon chain elongation and
the synthesis of acetone. A less efficient enzyme for freeing the CoAafretnacetyl-CoA may
facilitate chain elongation, preferentially enabling the synthesisp@in?anone.

When compared to the fatty acid dependent synthesis of methyhdsgtthe ATP
requirement of the 2-pentanone production pathway presented haneis The CoA dependent
chain elongation is more efficient in ATP conservation than fatiy agnthesis because it
directly utilizes acetyl-CoA as carbon addition unit instead ofritato activate acetyl-CoA into
malonyl-CoA with ATP. Furthermore, CoA transferase conserveshbmical energy stored in
thioester bond whereas the hydrolysis catalyzed by thioesterase does not.

With some notable exceptions (5, 39), minimizing ATP expenditure has &een
important strategy for metabolic engineering, as increasd® @dohsumption from heterologous
pathways may lead to adverse effects in the cell and reduce dsidioranation. Thus, the
pathway presented here may be particularly suitable for organigmere conserving ATP is

beneficial and manipulating acetyl-coA driving force is possible.
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6.4. Materials and methods
6.4.1. Chemicals and reagents

All chemicals were purchased from Fisher ScientificsgRutgh, PA) or Sigma-Aldrich
(St. Louis, MO). KOD Thermococcus kodakaraens{©D1) hot start and KOD-extreme hot
start DNA polymerases were purchased from EMD Bioscierg@as Diego, CA). Phusion DNA
polymerase, and ligases were purchased from New England Bidladwich, MA). T5-
Exonuclease was purchased from Epicentre Biotechnologies (MadispnOlglonucleotides

were obtained from IDT (San Diego, CA).

6.4.2. Plasmid constructions

Plasmids used in this work are listed in Table 6.1. All pldsmiere constructed by the
isothermal DNA assembly method (30). Plasmids were proghgeig stored irkE. coli strain
XL-1 blue. Promoter and enzyme coding regions of all plasmids wenéied by DNA
sequencing performed by Genewiz (San Diego, CA).

Plasmids pEL134, pEL135, pEL136, pEL137, pEL138, pEL139, pEL140, pEL142,
pEL143, pEL144, pEL145, pEL146, pDC13, pDC14, pDC15, pDC16, pDC17, pDC18, pDC20,
and pDC21 were constructed by replacingdata@DA gene (Fig. 6.2A) of pDK73 with individual
genes listed in Table 6.1. These plasmids were constructed ByaB$&mbly of a linear DNA
fragment containin@dc ColE1 origin, ampicillin resistance|IBcO, promoter, andktB with
individual genes listed in Table 6.1 for each plasmid. Primers us#dsiwork are listed in

Table 6.2.
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6.4.3. Culture condition for 2-pentanone production

Production of 2-pentanone was either carried out in LB (10 g tryptonge&sy extract,
and 5 g NaCl per liter of water) or in Terrific Broth (T@R g tryptone, 24 g yeast extract, 2.31
g KH2PO4, 12.54 g K2HPOA4, 4 ml glycerol per liter of water) supptegsd with glucose (1%
for LB and 4% for TB) . Pre-cultures were grown in LB overnigh87Y °C. 300 uL of the pre-
cultures were then used to inoculate 3 mL of fresh medium in 15BM@DLvacutainer.
Microaerobic condition was achieved by capping the BD vacutainbputianaerobic purging.
The cultures were grown to OD630 of 0.4 to 0.6, which was then induced withN.IPTG
(Isopropyl B-D-1-thiogalactopyranoside). Induced cultures were then incubated i@ SAaker
(250 rpm; New Brunswick Scientific, Enfield, CT) until samplingor Rhe bioprospecting
enzymes capable of hydrolyzing CoA from 3-ketohexanoyl-CoAraxeats, LB with 1 % (w/v)
glucose was used as the culture medium. For time-course expasim&with 4 % (w/v)

glucose was used.

6.4.4. Toxicity test for 2-pentanone and acetone

3 mL of Fresh TB supplemented with 4% glucose and varying concentraft 2-
pentanone or acetone in BD vacutainer was inoculated at 0.1% @lyec3mL medium) with
strain JCL299 overnight preculture. Cultures were then incubatedi@ 8faker at 250 rpm for
6 hours. After 6 hours of incubation, the cells were taken out for opkeredity measurement

using Beckman Coulter DU 800.
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6.4.5. Quantification of 2-pentanone

Culture samples were prepared by centrifuging (21,000 x g) tougron cultures to
separate the cell and supernatant. 200 puL of the supernatant wasixbdnwith 800 pL of
0.1% (v/v) 2-methyl-1-pentanol as the internal standard. The sampieires were then
analyzed by gas chromatography equipped with flame ionizationtde{®lodel 6850, Agilent
Technologies, Santa Clara, CA). The separation of products wasdcaut with a DB-FFAP
capillary column (Agilent Technologies, 30 m; 0.32 mm inner diameter; O2fim thickness).
The GC result was analyzed by Agilent software Chem Stéen.B.04.01 SP1). The amount
of 2-pentanone in the sample was then calculated based on the rtimtegrated area and that
of the 2-pentanone standard.

Helium was used as the carrier gas with 9.52 psi inlet presduganjector and detector
temperatures were maintained at 225°C. Injection volume was Column flow rate was 1.7
ml/min. The oven program was as follows: 60 °C for 2 min, ramp taC84&t 45 °C/min, 85 °C

for 2 min, ramp to 235 °C at 45 °C/min, 235 °C for 1 min.

6.4.6. GC-MS analysis

To analyze the supernatant of the production culture, 2-pentanone wadeskivith n-
hexane. 500 pL of supernatant was mixed with 200 pL of hexane. Thaoolgger was then
Organic layer was analyzed by GC-MS system (model 6890N GC/5MSD, Agilent
Technologies) equipped with a HP-5MS capillary column (Agilent Technoldgfes; 0.25 mm
inner diameter; 0.25m film thickness). Helium (constant flow 1 mL/min) was used aaraer

gas. The temperature of the injector was 250 °C. The oven prograns fi@lmwas: 50 °C for 3

164



min, ramp to 100 °C at 5 °C/min, 100 °C for 0 min, ramp to 250 °C at 50 °C/mifC&f 1

min.
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Table 6.1. Strain and plasmid list

Strain Relevant genotypes Reference
XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAlRaproAB lacfZAM15 Tn1(Tef)] Stratagene
BW25113 rmBr14 AlacZy;i hsdR5 14 AaraBADywss ArhaBAD prs 1
JCL16 BW25113 / FtfaD36, proAB+, lact ZAM15 (Tef)] 1
JCL166 JCL1&IdhA AadhEAfrdBC 1
JCL299 JCL16AIdhA AadhEAfrdBC Apta 1
Plasmid genotypes Reference
pTA30 P lacO;::atoB atoDA adcColE1; Amg 24
pIM8 P lacO:ter; ColA; Karf® 1
pDK69 P lacOy:ter crt hbd;ColA; Karf This work
pDK73 P lacOy::bktB atoDA adcColE1; Am@ This work
pEL137 P lacOy::bktB ctfAB(C.ace) ad€olE1l; Am@ This work
pEL138 P lacOy::bktB Cbei_3833 3834 ad€olE1; Am@ This work
pEL139 P lacOy::bktB Cbei_2654 2653 ad€olE1; Am@ This work
pEL140 P lacOy::bktB ctfAB(C.dif) adcColEL; Am This work
pEL142 P lacOy::bktB pcalJ(P.put) adaColE1; Am@ This work
pEL143 PlacOy::bktB scoAB(H.pyl) adcColEL; Am@ This work
pEL144 P lacOy::bktB IpslJ(X.cam) adcColEL; Am@: This work
pEL145 P lacO::bktB R.eut_1331 1332 ad€plE1; Am§ This work
pEL146 P lacOy::bktB scoAB(B.sub) ad€olE1; Amg This work
pDC13 P lacOy::bktB cat1(C.klu) adeColE1l; Am@ This work
pDC14 P lacOy::bktB cat2(C.klu) adeColEL; Am@? This work
pDC15 P lacOy::bktB cat3(C.klu) adeColELl; Am@? This work
pDC16 P lacOy::bktB Cbei_2103 ad€ColE1; Am§ This work
pDC17 P lacOy::bktB tesB adcColEL; Am@ This work
pDC18 P lacOy::bktB fadM adcColE1; Amg This work
pDC20 P lacO;::bktB paal adcColE1l; Am@ This work
pDC21 PlacOy::bktB ybgC adcColEL; Amp This work

Karf', kanamycin resistance; Afypampicillin resistance.

atoB (E. col), thiolase; bktb (R. eutroph® p-keto-thiolase; hbd (C. acetobutylicum
hydroxybutyryl-CoA dehydrogenasert (C. acetobutylicury crotonase;ter (T. denticol3,
trans-2-enoyl-CoA reductasegycalJ (P. putidg, 3-oxoadipate CoA-succinyl transferastgDA
(E. col), acetate CoA-transferase; R. euRalstonia eutropha C. ace, Clostridium
acetobutylicumT. den,Treponema denticojaP. put,Pseudomonas putig&. col, Escherichia
coli; C. bei,Clostridium beijerinckij C. dif, Clostridium difficile H. pyl, Helicobacter pylorj X.
cam,Xanthomonas campestri§. klu, Clostridium kluyveri
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Table 6.2. Primer Sequences

Primers Sequence (5' -> 3') Used for plasmid
pEL137, pEL138, pEL139
pEL140, pEL142, pEL143,
pEL144, pEL145, pEL146,

rEL-556 TAATGATCTAGAAGGAGATATACCATGTTAAAGGA pDC13, pDC14, pDC15,
pDC16, pDC17, pDC18,
pDC20, pDC21
pEL137, pEL138, pEL139
pEL140, pEL142, pEL143,

rEL-557 CATGGTACCTTTCTCCTGCATGCTTAGATAC Eglé]i%‘lppDEé jl.-isp BI(E:IE-];G
pDC16, pDC17, pDC18,
pDC20, pDC21

rEL-558 TCTAAGCATGCAGGAGAAAGGTACCATGAACTCTAAAATAATTAGATTTGAAAATTTAAG pEL137

rEL-559 TATCATTAATCATGGTATATCTCCTTTATGCAGGCTCCTTTATATATAATTTATAAG pEL137

rEL-560 CTGCATAAAGGAGATATACCATGATTAATGATAAAAACCTAGC GAAAGAAATAAT pEL137

rEL-561 GTATATCTCCTTCTAGATCATTAAACAGCCATGGGTCTAAGTTCATTG pEL137

rEL-562 TCTAAGCATGCAGGAGAAAGGTACATGAATAAATTAGTAAAATTAACAGATTTAAAGCG pEL138

rEL-563 AAGTAATGTTCATGGTATATCTCCTTTAAGCCGCCTCCTTAAGATATAATC pPEL138

rEL-564 AGGCGGCTTAAAGGAGATATACCATGAACATTACTTTTGAATCAGAAAATGGC pEL138

rEL-565 GTATATCTCCTTCTAGATCATTATATATCCATAATCTTTAAGTTATCTGGAATAA pPEL138

rEL-566 TCTAAGCATGCAGGAGAAAGGTACCATGACAAAGATTAAGACAGTACAGGAAGCAG pEL139

rEL-567 CATTTTCATGGTATATCTCCTTTATCTCATTTTATTAGTTCTRTCCATAAATCTT pEL139

rEL-568 TGAGATAAAGGAGATATACCATGAAAATGATGAATGGTAAAGA GATAATTGC pEL139

rEL-569 GTATATCTCCTTCTAGATCATTATATTTCCATTTCCTTAACATTATCAGCTATTA pEL139

rEL-570 TCTAAGCATGCAGGAGAAAGGTACCATGAATAAAATAGTTAGCATTGATGAAGCTCTA  pEL140

rEL-571 ATTTATCCATGGTATATCTCCTTTATAAATTACCTCCTTCAAGGATGTAATTC pEL140

rEL-572 AATTTATAAAGGAGATATACCATGGATAAATTAGAAATGCAAG AATATATTGC pEL140

rEL-573 GTATATCTCCTTCTAGATCATTAAACAACAGATATTTTTCCATTTAATGAATC pEL140

rEL-578 TCTAAGCATGCAGGAGAAAGGTACCATGATCAATAAAACGTATGAGTCCATCG pEL142

rEL-579 TGGTAATGGTCATGGTATATCTCCTTTAGACAGCGTTTGCGATGAAGAA pEL142

rEL-580 AAACGCTGTCTAAAGGAGATATACCATGACCATTACCACAAAACTTTCCC pEL142

rEL-581 GTATATCTCCTTCTAGATCATTACTTGATCAGCGGCACACCATG pEL142

rEL-582 TCTAAGCATGCAGGAGAAAGGTACCATGAACAAGGTTATAACGSATTTAGACAAA pEL143

rEL-583 CCTCTCTCATGGTATATCTCCTTTATTTCGCACTCCTTGTGEGTTT pEL143

rEL-584 GTGCGAAATAAAGGAGATATACCATGAGAGAGGCTATCATTAAACGAGCG pEL143

rEL-585 GTATATCTCCTTCTAGATCATTATAGATGCACTTCAAATTCARTTCTGT pEL143

rEL-586 TCTAAGCATGCAGGAGAAAGGTACCATGGACAAGGTGGTCGCACAGC pEL144

rEL-587 GTGTCCAGGCCATGGTATATCTCCTTTAGCCGCTCACCGTCGGTT pEL144

rEL-588 ACGGTGAGCGGCTAAAGGAGATATACCATGGCCTGGACACGCEEGAGA pEL144

rEL-589 GTATATCTCCTTCTAGATCATTACGAGCGGATCTCCTCCGGG pEL144

rEL-590 TCTAAGCATGCAGGAGAAAGGTACCATGAACCAAGTTGCAAGEG pEL145

rEL-591 GGGTCCAGGCCATGGTATATCTCCTTTACTTGTCTCCCTGG@ACGG pEL145

rEL-592 GAGACAAGTAAAGGAGATATACCATGGCCTGGACCCGCGATC/A pEL145

rEL-593 GTATATCTCCTTCTAGATCATTAGCCTCTTGTTTGTACAACGAC pEL145

rEL-594 TCTAAGCATGCAGGAGAAAGGTACCATGAACAAGGTCTACGCBGCGC pEL146
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rEL-595
rEL-596
rEL-597
rEL-598
rEL-599
rEL-600
rEL-601
DC23-catl-F
DC24-catl-R
DC25-cat2-F
DC26-cat2-R
DC27-cat3-F
DC28-cat3-R
DC29-2103-F
DC30-2103-R
DC31-tesB-F
DC32-tesB-R
DC33-fadM-F
DC34-fadM-R
DC-37-paal-F
DC-38-paal-R
DC-39-ybgC-F
DC-40-ybgC-F
pDK024 BB F2
pDKO037 BB R1

pDKO069 crt-hbd F1
pDKO069 crt-hbd R1

pDKO062 BB F1
pDKO006 BB R1

pDKO006 bktB F1
pDKO049 fars BB R1
pDKO72 atoDA F1
pDKO72 atoDA R1

pDKO068 adc F1
pDKO071 adc R1

CGTGTCCATGCCATGGTATATCTCCTTTAGCTGGCCGCGCGCAHGTG pEL146
GCGGCCAGCTAAAGGAGATATACCATGGCATGGACACGTGACBAATGG pEL146
GTATATCTCCTTCTAGATCATTACAGCAGCGGAGCGCCAGTC pEL146
TCTAAGCATGCAGGAGAAAGGTACCATGGGAAAAGTGCTGTCACAAGC pEL147
TCGCTTCCTTCATGGTATATCTCCTTTACTTGGCCTCACCCTILCCC pEL147
TGAGGCCAAGTAAAGGAGATATACCATGAAGGAAGCGAGAAAACGAATGG pEL147
GTATATCTCCTTCTAGATCATTAAGAATTGAGTACAGACTGGATACAGC pEL147
GAGCGTATCTAAGCATGCAGGAGAAAGGTACCATGAGTAAGGGATAAGAATTC pDC13
TAACATGGTATATCTCCTTCTAGATCATTATTTCATACRCCAGTTTTTATAA pDC13
TTCGAGCGTATCTAAGCATGCAGGAGAAAGGTACCATGEGTGGGAAGAGATATAT pDC14
CTTTAACATGGTATATCTCCTTCTAGATCATTAAAATCTTTTTTAAATTCATTCATT pDC14
GCGTATCTAAGCATGCAGGAGAAAGGTACCATGGTTTTAAAAATTGGCAGGATCT pDC15
CATCCTTTAACATGGTATATCTCCTTCTAGATCATTAASCTTACAACTGAATCTT pDC15

AGCATGCAGGAGAAAGGTACCGTGTCTAAGATTAGCTGEAAGATTTATACAAGAGTAA pDC16
CATGGTATATCTCCTTCTAGATCATTAAAATTTCACTTRAACCTCTTTTCCCACTCTT pDC16
GAGCGTATCTAAGCATGCAGGAGAAAGGTACCATGAGTAGGCGCTAAAAAATTTAC pDC17

CCTTTAACATGGTATATCTCCTTCTAGATCATTAATTGGATTACGCATCACCCCT pDC17
GAGCGTATCTAAGCATGCAGGAGAAAGGTACCATGCAARACAAATCAAAGTTC pDC18
ATGGTATATCTCCTTCTAGATCATTACTTAACCATCTGCCCAGCTTTTCGCGC pDC18

CGTATCTAAGCATGCAGGAGAAAGGTACCATGAGTCAARAGGCCTGGCAAAAT pDC20
TCATCCTTTAACATGGTATATCTCCTTCTAGATCATTSGCTTCTCCTGTAATGGTG pDC20
CGAGCGTATCTAAGCATGCAGGAGAAAGGTACCGTGARACAACGCTGTTTCGATGGC  pDC21
TCCTTTAACATGGTATATCTCCTTCTAGATCATTACTGTTAAACTCCGCGACAAT pDC21
CGACGGTATCGATAAGCTTGATATCGAATTCCTG pDK69
GGTATATCTCCTTCTAGACTAAATCCTGTCGAACCTTT pDK69

GGATTTAGTCTAGAAGGAGATATACCATGGAATAAACAATG pDK69

CGATATCAAGCTTATCGATACCGTCGATTATTTGAATAATCGTAGAAACC pDK69
CTAGAGGCATCAAATAAAACGAAAGGC pDK73
CCTCTTTAATGAATTCGGTCAGTGCGTCC pDK73
CGCACTGACCGAATTCATTAAAGAGGAGAAAGGTACATGACGCGTGAAGTGGTAGTGG pDK73

CTCCTGCATGCTTAGATACGCTCGAAG pDK73
CGAGCGTATCTAAGCATGCAGGAGAAAGGTACCAGAAAACAAAATTGATGACATTAC  pDK73
CATCCTTTAACATGGTATATCTCCTTCTAGATCAARAATCACCCCGTTGCGTATTC pDK73

GGAGATATACCATGTTAAAGGATGAAGTAATTAAAC pDK73

GCCTTTCGTTTTATTTGATGCCTCTAGATTACTTAASTAATCATATATAAC pDK73
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