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ABSTRACT

Increasing butanol titers and selectivityGhostridium acetobutylicum

Ryan Sillers

To increase the butanol titers and selectivit€liostridium acetobutylicum we replaced
the promoter of the alcohol/aldehyde dehydroge(ea# gene with the phosphotranbutyrylase
(ptb) promoter and combined this with CoAT downregualatio minimize acetone production.
This led to early production of high alcohol (butéplus ethanol) titers and overall solvent titers
of 30 g/L. To increase then the carbon flux towgdrdtanol, we examined thiolaghl)
overexpression. The combingd overexpression withad overexpression decreased, as
expected, acetate and ethanol production whileasing acetone and butyrate formatith.
overexpression in strains with CoAT downregulatiich not significantly alter product
formation thus suggesting that a more complex noditabngineering strategy is necessary to
achieve improved butanol titers and selectivithe &ad with theptb promoter was also used in
the M5 strain and restored butanol production tdtype levels. Thiolase overexpression was
combined withaad overexpression aiming to enhance butanol formaWdile acetate was
reduced, butanol titers were not improved. We grd acetate kinase (AK) and butyrate
kinase (BK) knockout (KO) mutants of M5, reducihg trespective acid formation. We could
not successfully transform the BKKO M5 strain. T&€KO M5 strain overexpressingad
produced less acetate, but also less butanol cechparthe M5aad overexpression strain. The

difficulty in generating high butanol producers hatit acetone and acid production is likely



hindered by the inability to control the electrdowf, which may be affected by unknown
pSOL1 genes

Using antisense RNA, we investigated the downreguiaf the histidine kinase coded
by CAC0654 on solventogenesis and sporulation. flddings suggest the two-component
system coded by CAC0654 and CAC0653 (a kinasetarmbgnate response regulator) is a
putative negative regulator of sporulation. pH4colted fermentations of the CAC0654 asRNA
strain construct targeting show reduced glucosakepand an 80% reduction in butanol
production compared to the plasmid control straimanscriptional profiling of 824(pHK654)
using microarrays shows profound upregulation efgporulation cascade downstream of
Spo0A, the master regulator of sporulation, throtighexpression aigK. This two-component

system may act affect the phosphorylation statepalOA repressinggF, spollE, andsigE.
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CHAPTER 1 INTRODUCTION
1.1 General clostridia characteristics

The clostridia genus contains diverse set of mesitzarging from pathogen€ (

difficile, C. botulinum, C. tetani, andC. perfringens) to soil members that produce a variety of
solvents and organic acidS.(acetobutylicum and C. beijerinkii). A number of reviews are
available that present this material in greateaitl@litchell 2001; Durre 2005). Common
attributes of clostridia members include anaerométabolism, Gram-positive staining, and
endospore formation. Actively growing cells exhidirod-shaped morphology that under
appropriate conditions can give rise to endospofdthough clostridia do not grow in the
presence of oxygen, the ability of individual sgsdio tolerate oxygen varies. The mechanism
of oxygen inhibition is not completely understobdt it is suggested that clostridia have limited
ability to tolerate the peroxides and free hydrexgirmed under aerobic growth. Under
anaerobic growth, clostridia tolerate a wide raofjeemperatures and pH. Most clostridia grow
well at neutral pH, but the acid-producing memligpscally lower their extracellular pH
environment to pH 4-5. Optimal temperatures ferrmjority of clostridia occur at 30 — 40,
but thermopilic clostridia (e.dC. thermocellum) grow well in excess of 68C. Many of these
themophilic clostridia are of interest for theietmo-stable enzymes and in particular the
degradation of cellulose. During growth clostridr@ able to metabolize many different carbon
sources, from simple hexose and pentose sugargr®complex starches and cellulose. This
wide substrate usage in clostridia makes them indllg relevant as they hold the potential to

ferment inexpensive and renewable sources intgiatyaf compounds.
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1.2 Clostridium acetobutylicum char acteristics and fer mentation

C. acetobutylicum and related strains were used extensively in ¢tkéae-butanol
fermentation and remain targets of basic and agpéeearch C. acetobutylicum ATCC 824
was isolated in Connecticut in the 1920’s and issatered the type strain. This genome has
been sequenced and annotated (No6lling, Breton 20@l), and methods for genetic deletions
(Harris, Welker et al. 2002; Heap, Pennington e2@07; Shao, Hu et al. 2007) and gene
overexpression (Mermelstein and Papoutsakis 1993 heen developed, making it an
attractive organism for development. The sequendata revealed a 3.94 Mb chromosome and
a 192 kb megaplasmid (pSOL1) containing 3,740 agpading frames (ORFs). The genome is
very AT-base pair rich (72%). The megaplasmid amst genes necessary for sporulation (still
unknown) and all essential genes for solvent prodag¢known). The loss of (pSOL1) is
common in ATCC 824 under continuous culture condgior repeated vegetative transfers and
leads to degeneracy and the inability to form sporeproduce solvents (Cornillot, Nair et al.
1997).

The fermentation of. acetobutylicumis characterized by two phases, the acidogenic and
the solventogenic phase. The acidogenic phasedaung vegetative growth, when the
cultures produce the organic acids acetate anddiatywhich lower the culture pH. In the
solventogenic phase, the culture produces butanetpne, and ethanol as the culture enters into
the stationary phase. Butyrate and acetate areatlypre-assimilated to produce solvents, thus
raising the pH of the culture. This shift towastdvent production is thought to be a way for the
culture to detoxify the culture environment of temful acids towards the less damaging
solvents (Jones and Woods 1986). In both batclcantinuous cultures of the wildtype strain,

peak solvent production occurs at low pH, betweéraéd 5.0, but as extracellular pH is
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increased solvent production decreases and productiacetate and butyrate is elevated

(Bahl 1982; Monot 1984). The understanding of gisdependence is still not fully understood,
but the onset of solvent production has been assatwith the level of undisassociated butyric
acid and butyryl phosphate (Huang, Forsberg eét96; Harris, Desai et al. 2000; Zhao, Tomas

et al. 2005).

1.3 ABE fermentation and biofuel production

The production of acetone and butanol by Clostnidéirains was one of the earliest
industrial fermentations. In the early 1900'’s, ih@ustrial acetone-butanol-ethanol (ABE)
fermentation was second in size only to ethanohé&ntation. Early interest in the ABE
fermentation was based on acetone production fopguder in World War One. The ABE
fermentation continued through the Second World ¥l into the early 1960’s until the
process was unable to complete with the petrocta@mrocess. The major factors contributing
to the decline of the ABE fermentation are highsttdie costs, low solvent titers, and high
product recovery costs. Molasses were typicalgduss a substrate and were responsible for
over half of the total costs associated with thecpss. The increased use of molasses in
livestock feed raised prices and contributed todieine of the process.

With concerns over crude oil supplies and risingtgothere is significant interest in
reducing dependence on fossil fuels and increabimgise of renewable energy sources. The
recent advances in molecular biology and ME teadesffer an opportunity to re-establish the
AB fermentation as an economically viable proceSkastridium acetobutylicumis a model host
for the production of acetone and butanol. Itdasturally evolved metabolism for these

solvents and can metabolize both hexose and pestigees. Mixed carbon sources such as
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hemicellulose are inexpensive and readily availfdole biomass hydrolysis. Active research

is also underway to use cellulose directly as barasource (Perret, Casalot et al. 2004), without
the need for acid hydrolysis pretreatment andrtiay greatly reduce process costs. Newly
engineered strains have increased butanol titgngfisiantly (from 13 to 18 g/l) (Green, Boynton
et al. 1996; Tomas, Welker et al. 2003). Furtheraasing titers to 22-28 g/L would reduce
separation costs and could make the AB fermentime @gain economically viable (Woods
1995).

Although initial efforts in biofuels have focused ethanol, butanol is widely considered
a superior energy carrier. This is based on tindasi energy content per volume of the butanol
and traditional gasoline, the ability for butanmlbie used either directly as a transportation fuel
or at high blend rates with gasoline without madifions to current vehicles, and the low vapor
pressure and water solubility of butanol whichwalibto be shipped using current infrastructure.
Ethanol, in contrast, has lower energy content thaanol or fossil fuels per volume, requires
engine modifications for high blend rates, andhigder miscibility and vapor pressure make its

transport via existing infrastructure difficult.

1.4 Toxicity

Butanol toxicity is a major limiting factor thatgrents high solvent titers necessary for
economical solvent production. Butanol has a dloaat effect on the cell membrane disrupting
membrane fluidity and function (Bowles and Ellefs®85). Experimental results froi coli
suggest that butanol partitions into the cell meanbrdisrupting the packing of fatty acyl chains
(Ingram 1976). The cell then responds to thisssti®y altering the cell membrane to increase the

ratio of saturated to unsaturated fatty acids (&l Hegeman et al. 1979).
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acetobutylicum, butanol disrupts the pH and transmembrane elatgradients, lowers

intracellular ATP concentration, and inhibits gleeaiptake (Bowles and Ellefson 1985;
Terracciano and Kashket 1986). Butanol levels4efld g/L have been found to completely
inhibit growth and maintenance of the pH gradi@dwles and Ellefson 1985; Ounine,
Petitdemange et al. 1985).

Due to this inhibitory effect of butanol, theresignificant interest in developing strains
that have increased butanol tolerance and formaapability. In the past, mutant strains have
been screened based on their ability to tolerajle levels of butanol in hopes of creating strains
that will produce butanol in excess of the normaidity levels. Unfortunately, while some
mutant strains tolerated high levels of butanayttid not produce higher butanol titers (Jones
and Woods 1986). Recombinant strains have beerlaj@d that produce butanol titers in
excess of normal inhibitory levels. The heat shoobrexpression strain 824(pGROEL1) and the
butyrate kinase mutant strain PJC4BK produce 1@/L&utanol (Green, Boynton et al. 1996;
Tomas, Welker et al. 2003). The ability of thesaiss to increase butanol tolerance and titers

without membrane alterations suggests further ingareents can be made using ME.

1.5 Primary metabolism

The metabolism of glucose and other hexose sugarg®through the Embden-
Meyerhof pathway (Figure 1.1) and produces 2 mgyotivate, 2 mol of adenosine triphosphate
(ATP), and 2 mol of reduced nicotinamide adenimaudieotide (NADH) for every mol of
glucose. Pentose sugars are utilized throughehtope phosphate pathway and yield 5 mol of
ATP and NADH for every 3 mol of sugar. Pyruvatelsaved to form carbon dioxide, acetyl-

CoA, and reduced ferredoxin. Under rare conditipiysuvate may also form lactate to
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Figure 1.1 Primary metabolism of C. acetobutylicum.

Enzymes are abbreviated as follows: phosphotrahgdase (PTA); acetate kinase (AK); thiolase
(THL); B-hydroxybutyryl dehydrogenase (BHBD); crotonase G3fRoutyryl-CoA
dehydrogenase (BCD); CoA Transferase (CoAT); acetiadée decarboxylase (AADC); butyrate
kinase (BK); phophotransbutyrylase (PTB); alcoHdi#ayde dehydrogenase (AAD);
hydrogenase (HYDA); pyruvate decarboxylase (PDiQte: AAD is believed to be the
primary enzyme for butanol and ethanol formatiohdmditional genes exist that code for

alcohol forming enzymesghe2, bdhA, bdhB, CAC3292, CAP0059).



21

glucose
2 ADP 2 NAD+
2 ATP 2 NADH
(2 Cco,
(2) pyruvate
(2 H, NADH NADPH
HYDA X PDC
@ H NAD+ NADP+ () cG,
Orea NADH NAD+ y NADH NAD+

ADP
2) acetate:ﬁ—Z (2) acetyl-P «— (2) acetyl- COAQ (2)acetaldehyd;4 (2) ethanol

AK PTA AAD, AdhE2 AAD, AdhE2,
BdhA, BdhB,
THL CAC3292, CAP0059
COoAT

acetoacetate< acetoacetyl-CoA

AADC

NADH

BHBD
COZ NAD+

aceton
CRO

H,O
NADH

BCD

NAD+

ATP  ADP NADH NAD+ NADPH NADP+

butyrate M butyryl-P «—— butyryl-CoA M butyraldehyM butanol
BK

PTB AAD, AdhE2 AAD, AdhE2,
BdhA, BdhB,
CAC3292, CAP0059



22
provide another source of NADH oxidation when teaeration of molecular hydrogen is

disrupted (Green 1998). Reduced ferredoxin carprens as an electron acceptor producing
molecular hydrogen, which re-oxidizes ferredoxitydrogen production is highest during the
acidogenic phase, when hydrogenase (HYDA) is pilynegsponsible for the oxidation of
ferredoxin. During solventogenesis, reduced farx@dis oxidized producing NADH and
NADPH, which are consumed in the production of hatand ethanol. Acetyl-CoA serves as
the first major branch point for ethanol, acetate] acetoacetyl-CoA formation.

Under acid-formation conditions, acetyl-CoA is certed to acetate by phosphate
acetytransferse (PTA) and acetate kinase (AK) primdul mol ATP for every mol acetate
formed. Acetyl-CoA can also be converted butyrglACwhich is the precursor to butyrate.
During the conversion of acetyl-CoA to butyryl-Ca#getyl-CoA is converted to acetoacetyl-
CoA by thiolase (THL). Acetoacetyl-CoA is convett® butyryl-CoA by three enzymds,
hydroxybutryl-coenzyme A dehydrogenase (BHBD), bylt£. oA dehydrogenase (BCD), and
crotonase (CRO). Once butyryl-CoA is formed, i && converted in a manner analogous to
acetate by phosphotransbutyrlyase (PTB) and betkiaase (BK) producing 1 mol ATP for
every mol butyrate formed. During the conversibaaetyl-CoA to butyryl-CoA, 2 mol NADH
is consumed regenerating NADsed in glycolysis. Butyrate production is thusADH neutral
pathway, whereas acetate production results inéh@roduction of 1 mol NADH for every mol
acetate produced.

During solventogenesis, ethanol is produced froety®€oA via a two-step process by
the bi-fuctional alcohol aldehyde dehydrogenase@\AButyryl-CoA is then converted to
butanol by the same AAD enzyme that produces etha®sD had been shown to be the

primary enzyme responsible for butanol and ethprmdluction, but other genes in the genome
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may contribute to alcohol formation under certanditions. There exists a second

bifuntional alcohol aldehyde dehydrogenase in tiremosome. This second enzyme, AdhE2,
is specifically induced in high pH conditions coméd with increased NADH availability
(Fontaine, Meynial-Salles et al. 2002). This eneymnot highly transcribed in typically batch
fermentations and does not contribute to butarmoh&ion under glucose fed batch cultures. In
addition to the two alcohol aldehyde dehydrogenabese are four other alcohol
dehydrogenases on the chromosome that may aisdtiversion of the respective aldehyde into
ethanol or butanol (Nd6lling, Breton et al. 200Ethanol may also be formed from pyruvate
independent of acetyl-CoA by pyruvate decarboxy(&f2C). Once acetaldehyde is formed, any
of the alcohol dehydrogenases may convert it ittiareol.

Both acetate and butyrate can be re-assimilatededb oA transferase (CoAT) enzyme
thus replenishing acetyl-CoA and butyryl-CoA, redpely. This reaction is coupled to the
conversion of acetoacetyl-CoA to acetoacetate, avtier CoA species is transferred from
acetoacetyl-CoA to acetate or butyrate. Acetoaeésahen converted to acetone by
acetoacetate decarboxylase (AADC). This coupladtien dictates that the molar amount of

acids reassimilated is equal to the number of moilesetone formed.

1.6 Metabolic engineering

Metabolic engineering (ME) has been defined asithprovement of cellular activities
by manipulation of enzymatic, transport, and retguilafunctions of the cell with the use of
recombinant DNA technology” (Bailey 1991). Lat&fiditions emphasize the “purposeful” and
“directed” approach ME applies identifying gendticgets (Cameron and Tong 1993;

Stephanopoulos 1999). These definitions contrdSsivational and logical approach compared
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to earlier efforts of genetic modifications thaedgandom mutagenesis and selection to

improve cellular properties. The rapid advanceménbioinformatics and genomic tools along
with molecular biology techniques provide many amyaities to improve the bioprocessing
traits of microorganisms in a directed manner. applications range from heterologous gene
transfer to develop novel compounds or utilizeralige substrates within a host, to the
optimization of product pathways naturally occugrin a cell. These applications may require
multiple genetic modifications to develop an indiadly relevant strain. Each modification must
be followed by detailed analysis to determine thltutar response and identify further genetic
targets. This iterative nature is essential tostieress of ME strategies.

Strain development uses a variety of techniqoesddify the metabolism of a host.
Heterologous gene transfer into a host can expandal pathways to introduce new cellular
properties beneficial to bioprocessing. For examible expression of an endoglucanase gene
from Clostridum thermocellum in aKlebsiella oxytoca strain previously engineered for ethanol
production allows the use of cellulose as the satess{Wood and Ingram 1992). Heterologous
enzymes may also show higher specificity for a sabs or increased reaction rates compared to
native enzymes. Naturally existing pathways ateoptimized for industrial processes and are
often modified to increase product titers and \8el@ranch points where intermediate
metabolites may either form a desired product anramanted byproduct are common targets of
ME applications. Eliminating competing pathwaysigsggenetic knockouts may raise product
yields while overexpression of rate-limiting enzygyean increase carbon flux to the desired
product. Genes not directly involved in the pradmetabolism, such as regulatory enzymes or

transcriptional factors, are also important gentatigets that can produce beneficial effects.
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The iterative process of strain development inctuglgenetic modification,

determination of the cellular response and ideraifon of future targets (Bailey 1991). The
cellular response to simple genetic changes malydraatic and may become more challenging
to interpret as further modifications are madeerkthe insertion of an empty cloning vector
containing only antibiotic resistance into a streém burden a cell (Ricci and Hernandez 2000)
and produce widespread consequences throughoatghrism altering growth and metabolism
(Tomas, Welker et al. 2003). Advanced analytical eomputational methods are needed to
fully understand the effects of genetic modificatio Detailed analysis can determine successful

modifications useful in the development of engie€estrains.

1.7 Metabolic Flux Analysis

The emergence of genomic techniques allows foratienal design of recombinant
strains, but the simple identification of the geme®lved does not always provide enough
information to increase and redirect the metabotsitine desired products. Metabolic flux
analysis (MFA) is an important analytical tool teamtitate the intracellular fluxes through
metabolic pathways. MFA calculates individual #sxof cellular reactions using stoichiometric
models and mass balances together with pseudoysséstd assumptions of metabolic
intermediates (Vallino and Stephanopoulos 1993;&dw1999). The calculated fluxes through
the intermediate metabolites provide a much-impdavwederstanding of cellular kinetics and can
identify prevailing flux bottlenecks in the biolagil system. These bottlenecks can then be used
as targets for future genetic modifications to @ase carbon flow to a specific product.

The basis for the stoichiometric model usedGoacetobutylicumis the fermentation equation

(Papoutsakis 1984). However, this metabolic sysseamderdetermined due the presence of a
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singularity concerning the acetone production kiauptake of either acetate or butyrate.

Although butyrate is observed to be the primarg aeassimilated during growtin vitro
experiments suggest that the CoAT enzyme has hagtiestrate specificity for acetate than
butyrate (Wiesenborn, Rudolph et al. 1989). Thisesolved with the observed data suggesting
that acetate production is maintained, combined thié increased acetate uptake, resulting in a
observed smaller net acetate uptake. In resothi@gingularity, the results from thevitro

experiments are used.

1.8 Sporulation

As clostridia enter into conditions that are unfalae to growth, the cells differentiate
and begin the process to form mature spores thairatective against a number of harsh
environmental conditions (Fig 1.2). The conditidingt start the sporulation process are not fully
understood, and different species sporulate agréifit frequencies under different conditions.
The clostridia cell cycle begins in vegetative gtioywwvhere the cells undergo normal cell
replication and division. As the cells continuggtow they begin to differentiate into swollen
clostridia cells begin granulose formation andager These swollen clostridia forms are
commonly implicated in the formation of solventglaaxins. Later in development a forespore
is formed. Following the maturation of the foresppdhe mother cell undergoes lysis and the
mature spore is released. Once the spores fiod@thble environment they will germinate and

once again become vegetative cells.

1.9 Genetics of sporulation and solvent formation

As the cell begins its early vegetative growthphienary metabolic products are the

organic acids, acetate and butyrate. In respanetaccumulation of the acid products, genes
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are induced to convert the acids into less harsdldent products. This conversion to solvent

products presumably allows the cell an opportufatycompletion of the sporulation process.
This provides the underlying inter-commitment bedgwéhe sporulation process and solvent
formation. At the molecular level both sporulatemmd solvent formation are regulated by the
master transcriptional regulator, SpoOA. Oncevatdd (phosphorylated), SpoOA binds its
target genes causing this switch from acid to sdlpeoduction and sporulation. This has been
demonstrated in bot@. acetobutylicum andC. beijerinckii spoOA knockout mutants, which are
unable to sporulate and only very low levels of/eats are produced (Ravagnani, Jennert et al.
2000; Harris, Welker et al. 2002). The direct lmgdof SpoOA causing the induction of solvent
genes and repression of butyrate formation genedé@n shown i€. beijerinckii (Ravagnani,
Jennert et al. 2000). However, the mechanism oD8pactivation remains unknown. Unlike
the related and widely-studied spore formBgubtilis, carbon and nitrogen starvation does not
induce sporulation (Long, Jones et al. 1984) andynadi the genetic elements proceeding SpoOA
activation inB. subtilis are missing in clostridia (No6lling, Breton et 2001; Paredes, Alsaker et
al. 2005) (Fig 1.3).

Proposed mechanisms for SpoOA activation includesphorylation by a sensor
kinase(s), acetyl-phosphate or butyryl-phosphajalation, or a modified phosphorelay system
(Paredes, Alsaker et al. 2005). Bnsubtilis, SpoOA is phosphorylated by five different sensor
kinases (Jiang, Shao et al. 2000). All five kirsagee “orphan” kinases that are not directly
associated with a response regulator in the sampFabret, Feher et al. 1999). Witkin
acetobutylicum there are five “orphan kinases” and two of thedglgt a significant induction
just prior to the onset of sporulation (when geargets of SpoOA are induced). Butyryl-

phosphate has also been proposed as a signal feoileducing solvent formation and
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Figure 1.3 Sporulation cascade of B. subtilisand clostridial homologs.

From (Paredes, Alsaker et al. 2005). Proteingdhhave not been identified in any clostridia
species. Proteins in green are reported to exisést-best BLASTP match found in all five
clostridia. Proteins in blue may exist@tetani with low similarity. Proteins in yellow exist in
all clostridia excepC. tetani. Proteins in orange are found onlyGnacetobutylicum andC.

tetani (Note: AbrB existence i€. perfringensis also doubtful). Proteins in purple are found
only in C. acetobutylicum andC. botulinum. In B. subtilis andC. difficile, o* is encoded as two

fragments that are post-transcriptionally processtxla functional protein (pink).
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sporulation (Harris, Desai et al. 2000). A butgrkinase deletion mutant was found to

produce lower levels of butyrate and resultingniicréased solvent production and earlier
sporulation (Green, Boynton et al. 1996; Harriss&leet al. 2000). Later studies confirmed the
increased concentration and earlier accumulatidutfryl-phosphate in the butyrate kinase
mutant suggesting a possible role as a phosphat# docellular signaling (Zhao, Tomas et al.
2005).

During sporulation, SpoOA begins the signal cas¢hderesults in the expression of
other sigma factors that are critical for propesrsiation. Each factor in the cascade is
necessary for the expression or activation of thé.nThe cascade in expressed in the following
order:c™, Spo0Ac", 6%, 6%, oX (Diirre and Hollergschwandner 2004; Paredes, Alsaikal.
2005). spo0A is transcribed from a" dependent promoter and once phosphorylated ditiees
expression of thagF, sige andspol|E and represseabrB, a repressor of sporulation (Scotcher,
Rudolph et al. 2005). SpollE is responsible far thlease of™ from its anti-sigma factor. Once
releasedg” activates the transcription sfol IR, which interacts with SpolIGA to process the
pro-c- factor. The functiona® then drives the expressiongpbl 11D and thespol || AA-
spolI1AH operon that interacts witpol11J to activates®. The expression of the final
sporulation sigma factos, requiresspol 11D andc®.

The genes responsible for solvent productio@.iacetobutylicum includectfA/B andadc
(acetone formation}ydhA/B and twoadhE genes (primarily butanol but also ethanol fornatio
All but thebdhA/B genes are located on a large megaplasmid pSOL&enbes leads not only
to the virtual elimination of solvent productionttaiso abolishes sporulation (Cornillot, Nair et
al. 1997). The five genes on pSOL1 are organiatmthree operons (Paredes, Rigoutsos et al.

2004). Thesol operon containaad-ctfA-ctfB while theadc andadhE2 are organized in separate
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monocistronic operons. Thel operon angdc are located adjacent to each other, but are

transcribed from opposite strands. HiBE2 is separated by about 50 kbp. The chromosomal
bdhA andbdhB are organized into two consecutive monocistropierons (Paredes, Rigoutsos et
al. 2004).

As described earlieadc is directly controlled by SpoOA (Ravagnani, Jeheeral. 2000).
Spo0A is also likely to directly control the expsiEs ofsol operon based on the SpoOA mutant
and promoter studies (Thormann, Feustel et al. a0 disruption of the SpoOA motif
upstream of theol operon resulted in the elimination of promoteinaist The study also
suggests the involvement of another transcriptambolr for thesol operon expression as
overexpression of the promoter element alone causgesrease in solvent production,

presumably due to the titration of the unknown\aattr.

1.10 Microarrays

Microarrays are a high-throughput technology fa theasurement of large amounts of
genomic information. The earliest microarraystfieported in 1995 allowed for the analysis of
fewer than 100 genes (Schena, Shalon et al. 1B@6in a relatively short time technology
companies such as Agilent are producing DNA arthgscan measure nearly a quarter million
different spots on a single 1 x 3 inch microscdjkes Microarrays consist of a probe that is
bound to the slide that can be generated from PG&upts that are printed on the slide, or can
be synthesized directly on the slide. Initial uskmicroarrays focused on the relative
measurements of RNA transcription, but since theruses have expanded greatly to include

detection of DNA binding sites, SNP analysis, aadous chromosomal modification analysis.
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In a typical microarray experiment, two samplesamapared for relative transcription

levels. These samples may be different pointstimacourse, from organisms with different
genetic backgrounds, or testing the transcriptidifiérences of an organism grow in different
media. Once the RNA is isolated from a sampledD(dA, depending on the individual
application) it is copied using reverse transcoiptor PCR and is labeled with an appropriate,
normally fluorescent dye, such as Cy3 or Cy5. Atite preparation of the individual samples,
they are hybridized on the microarray for a nunddfdrours to allow the binding of a target
sequence to the probe on the microarray. Afteritigation the microarrays are washed to
eliminate any non-specific hybridization. The ro@mrays are then scanned to detect the levels
of fluorescent intensity at each spot. Once fthiigrisity data is collected the data is normalized
and processed to account for sample variation gadldferences such as incorporation
differences or differences in excitation strengfince processed the data can be analyzed in
many ways using a variety of clustering algorithtmgroup common expression patterns or
identification of dramatically different expressiprofiles.

Microarrays have been used in a variety of orgasisom eukaryotes to prokaryotes.
They have been used to identify the transcriptipnajram differentiating different lymphoma
cells (Alizadeh, Eisen et al. 2000) to the pattraporulation in budding yeast (Chu, DeRisi et
al. 1998). In prokaryotes, there has been sigmtievork in the identification of regulatory
networks. This has used transcriptional data comgaene induction between wildtype and
mutant strains, as well as DNA binding data to idgithe sites on the chromosome where a
particular transcription factor will bind. This$allowed the construction of a transcription

network of many of the transcription factors arghsa factors regulating sporulationBn
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subtilis (Britton, Eichenberger et al. 2002; Eichenberdensen et al. 2003; Molle, Fujita et al.

2003; Molle, Nakaura et al. 2003; Eichenbergerit&@t al. 2004; Wang, Setlow et al. 2006).
The application of microarrays to clostridia hasused on the development and
sporulation program df. acetobutylicum (Tomas, Alsaker et al. 2003; Alsaker and Papoigsak
2005). Additional studies have investigated tHésaesponse to butanol in a number of genetic
backgrounds (Tomas, Beamish et al. 2003; Alsaka@tz& et al. 2004). The cellular response to
a wide variety of metabolites has also been detedhand a general transcriptional stress
response has been proposed. Microarrays havéadsoused in the identification of enriched
populations within a mixed plasmid overexpressibraty in order to identify genes that confer

tolerance to butanol (Borden and Papoutsakis 2007).
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CHAPTER 2: MATERIALSAND METHODS

2.1 Cultureconditions and maintenance of strains

E. coli strains were grown aerobically at°®7and 200 rpm in liquid LB media or solid LB with
agar (1.5%) media supplemented with the appropaiatiiotics (ampicillin at 5@g/mL or
chloramphenicol at 3pg/mL). Frozen stocks were made from 1 mL overnagfiture
resuspended in LB containing 15% glycerol and state85C. C. acetobutylicum strains were
grown anaerobically at 3T in an anaerobic chamber (Thermo Forma, Waltha®), MCultures
were grown in liquid CGM (containing 0.75 g KIPIO,, 0.982 g KHPO,, 1.0 g NaCl, 0.01 g
MnSQO,, 0.004 g PABA, 0.348 g MgS£0.01 g FeS@ 2.0 g asparagine, 5.0 g yeast extract, 2.0
g (NH4)2S0Oy, and 80 g glucose, all per liter) media or sok 2G pH 5.8 (containing 16 g

Bacto tryptone, 10 g yeast extract, 4 g NaCl, agdyhucose, all per liter) plus agar (1.5%)
supplemented with antibiotics as necessary (ergtiiom at 10Qug/mL in liquid media and 40
ug/mL in solid media, clarithromycin at {&/mL). Cultures were heat shocked at 70-80°C for
10 minutes prior to enhance solvent production@medent strain degeneration (Cornillot, Nair
et al. 1997). Frozen stocks were made from 10 fmMsey 1.0 culture resuspended in 1 mL

CGM containing 15% glycerol and stored at*85

2.2 Bioreactor experiments

Fermentations were carried out using a BioFlo Ir1BioFlo Il (New Brunswick
Scientific Co., Edison, NJ) bioreactor with 4.0 brking volumes. Fermentations used a 10%

v/v inoculum of a pre-culture withgo equal to 0.2. CGM media were supplemented with
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0.10% (v/v) antifoam and 7&g/mL clarithromycin. Fermentations were maintaia¢d

constant pH using 6 M NWDH. Anaerobic conditions were maintained througiogen
sparging. Temperature was maintained 4C3and agitation was set at 200 rpm. Glucose was
restored to the initial concentration (440 mM) émrhentations if glucose levels fell below 200

mM.

2.3 Analytical techniques

Cell density was measured ajphusing a Biomate3 spectrophotometer (Thermo
Spectronic, Waltham, MA). Samples were diluteth@sessary to keep absorbance below 0.40.
Supernatant concentrations of glucose, acetontgtacacetoin, butyrate, butanol, and ethanol
were determined using a high-pressure liquid chtography system (HPLC) (Waters Corp.,
Milford, MA) (Buday, Linden et al. 1990). Mobilenpse of 0.15 mM SO, at 0.50 mL/min
was used with an Aminex HPLC Organic Acid AnalySsumn (Biorad, Hercules, CA). The

column was cooled to 16 and samples were run for 55 minutes.

2.4 RNA sampling and isolation

Cell pellets from 3 to 10 mL of culture were inctddhat 37C for 4 minutes in 20QL of
SET buffer (25% sucrose, 50 mM EDTA pH 8.0, 50 mMs-HCI pH 8.0) with 20 mg/mL
lysozyme. 1 mL trizol was added to each samplestmi@d at -88C until purification. 0.5 mL
Trizol and 0.2 mL chloroform was added to 0.5 mLAR#ample and centrifuged at 12,000 rpm
for 15 minutes. The aqueous phase was collecte@ated to an equal volume of isoproponal
and RNA was precipitated at 12,000 rpm for 10 mesutl mL ethanol was added to wash the
pellet and centrifuged at 9,500 rpm for 4 minut8amples were dried and resuspended in 20-

100uL of RNase free water and stored at>@5
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2.5 Quantitative (Q)-RT-PCR

Reverse transcription of RNA was carried out usangdom hexamer primers with 500
uM dNTPs, 2.0ug RNA, 2uL RNase inhibitor, 2.5.L reverse transcriptase, and 2 random
hexamers in a total volume of 100 (Applied Biosystems). The reaction was incubated
25°C for 10 minutes, 4& for 30 minutes, followed by inactivation of thezgmes by a five-
minute incubation at 9&. The SYBR green master mix kit (Applied Biosys$} was used for
RT-PCR. Each PCR containeqill cDNA and 1uM gene specific primers (Table 2) in a total
volume of 25uL. Samples were performed in triplicate on a BidRaycler with the following
parameters: 10 minutes at°@5 forty cycles of 15 sec at 95 and 1 minute at 8C. All genes

were normalized to the pullulanase gene (Tomask&Veit al. 2003).

2.6 Metabolic flux analysis

Metabolic Flux analysis calculations were performsthg a program developed by Desai et al
(Desali, Nielsen et al. 1999). Product concentnatioom bioreactor experiments were used to
generate metabolic fluxes. Error associated vighcialculated fluxes is typically less than 10

percent.

2.7 Genomic DNA isolation

50 mL of Agp0 1.0 cells were collected by centrifugation 3¢ Awashed with lysis buffer and
frozen at -20C. Cells were incubated with lysozyme and RNagerA0 minutes at 3T. Cell
debris was removed by centrifugation and the sugtant was extracted twice with
phenol:chloroform:isoamyl alcohol, once with chliamon:isoamyl alcohol. DNA was
precipitated with isopropanol and washed with 7@P&eol. DNA was then air dried and

resuspended in TE buffer.
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2.8 PCR

The PCR amplification of specific DNA sequences wasormed according to manufacturer’'s
instructions (Applied Biosystems). In a total ré@e volume of 10QuL, the following
components were added: 1D PCR buffer I, 10uL MgCl, (10mM), 6.6uL dNTPs (10mM), 1
uL each primer (100 mM), 500 ng chromosomal DNA téatgy 0.5uL Amplitaq Polymerase
Gold, and the remaining volume®. For colony PCR colonies grown for 24-48 houesav

resuspended in 30 H20 and 2uL of suspension was used as the template.
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CHAPTER 3: DIFFERENT COMBINATIONS OF HIGHER
ALDEHYDE-ALCOHOL DEHYDROGENASE AND/OR THIOLASE
EXPRESSION WITH COA TRANSFERASE DOWNREGULATION LEAD
TO HIGHER ALCOHOL TITERSAND SELECTIVITY IN
CLOSTRIDIUM ACETOBUTYLICUM FERMENTATIONS: FOCUSON

THE ACETYL-COA AND BUTYRYL-COA FLUX NODES

3.1 Introduction

Recent advances in molecular biology and metaleoigineering (ME) techniques of
butyric-acid clostridia offer an opportunity to establish the acetone, butanol and ethanol
(ABE) fermentation as an economically viable preced ostridium acetobutylicum is a model
and prototypical organism for the production ofstaeommodity chemicals, and especially that
of butanol, which has now emerged as an importawtinofuel. The genome @.
acetobutylicum has been sequenced and annotated (No6lling, Bettaln 2001), and methods for
genetic deletions (Harris, Welker et al. 2002; Hdzgnnington et al. 2007; Shao, Hu et al. 2007)
and gene overexpression (Mermelstein and Papost$8Ri3) have been developed.
Furthermore, genome-scale microarray-based traotseral analyses (Tomas, Alsaker et al.
2003; Tomas, Beamish et al. 2003; Alsaker, Spitzat. 2004; Alsaker, Paredes et al. 2005;
Alsaker and Papoutsakis 2005) have illuminatedataplex metabolism, thus allowing the
development of more precise ME strategies, by combigenetic modifications. Here we

address ME issues related to flux determinism ne goimary-metabolism patiays.
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High butanol selectivity and titers in the ABErfentation are current obstacles for an

economical industrial process. Butanol is the masiable product, and thus the production of
all other products must be minimized. Ethanol esdhly other product that may be desirable as
a co-product in the context of biofuel productidhe ABE batch fermentation is characterized
by two distinct phases, the acidogenic and theesbgenic phase. Initially, the cultures
produce the organic acids butyrate and acetateshwbiwer the culture pH. In the solventogenic
phase, the culture produces butanol, acetone,taad@. Butyrate and acetate are partially re-
assimilated to produce solvents, thus raising th@fpthe culture. The trigger responsible for
the switch from acid to solvent formation (knownsa$ventogenesis) has been extensively
studied, but the exact mechanism for this changmires unknown. The external pH is known
to affect solventogenesis and product formations@tiiann and Papoutsakis 1988). Recent
evidence correlates increases of butyryl-phosp{ai®) concentration with the onset of solvent
formation and suggests that BuP may play a roteerregulation of solvent initiation (Zhao,
Tomas et al. 2005).

In WT C. acetobutylicum fermentations, final acetone concentrations goeijly one-
half the final levels of butanol. Initial efforts increase the selectivity of butanol to acetone
used antisense RNA (asRNA) technology targetindrdnescripts of enzymes in the acetone
formation pathway (Fig. 3.1). ThfB asRNA successfully reduced acetone production when
designed to downregulate a subunit of the firsyyarezin the acetone formation pathway, CoA
transferase (CoAT) (Tummala, Welker et al. 2003pwever, butanol titers were also
significantly reduced in thetfB asRNA strain. ThetfB gene is part of a tricistronic operon
(aad-ctfA-ctfB) also containing thaad gene, whose product, the bi-functional AAD (aldedyy

alcohol dehydrogenase) protein, catalyzes the tep-cnversion of butyryl-CoA to butanol or
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of acetyl-CoA to ethanol (Nair, Bennett et al. 1p9Because thetfB andaad genes reside on

the same mRNA transcript, tisfB asRNA resulted in a downregulation of both ¢tf& and

aad genes thus resulting in lower butanol productibmnimala, Welker et al. 2003). Follow-up
studies were able to restore WT butanol titer lewvehile maintaining low acetone production by
combining, in strain 824(pAADB1) thafB asRNA with the overexpression of thad gene

alone off plasmid pAADBL1 using its own autologousmoter (Tummala, Junne et al. 2003).
Significantly, this strain produced ca. 200 mM etblathe highest ever i@. acetobutylicum.

The high ethanol production is due to the dual fimnality of the AAD enzyme, which catalyzes
both the formation of ethanol and butanol. In\WW€ strain, butanol is produced nearly six-fold
higher than ethanol. The logical and acceptedpnégation is that AAD has a much higher
affinity for butyryl-CoA than for acetyl-CoA (Fig.1). The high ethanol production by strain
824(pAADBL1) suggests that the ratio of acetyl-Cofttyryl-CoA is much higher in this strain
than in the WT strain. In this study we aimedxplere ME strategies to enhance butanol
formation and selectivity and, significantly, to &lele to accelerate butanol production. We
focused on exploring the regulation of fluxes ambtime two critical nodes of butyryl-CoA and
acetyl-CoA (Fig. 3.1). First, we sought to overeegsaad (AAD) early by changing the

temporal expression of this gene usingptiepromoter (of thetb-buk operon, coding the two
enzymes responsible for butyrate production froytylt CoA; Fig. 3.1) which is expressed
early in the acidogenic growth phase (Tummala, \&fedit al. 1999) when thead natural
expression is normally absent (Nair, Bennett e1@94). This early expressionadd sought to
direct more of the carbon flux towards butanol picitbn while limiting the formation of

butyrate by competing early for butyryl-CoA. Thesgibility of reducing ethanol and acetate
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production by altering the fluxes around the ac&gA node focusing on the overxpression of

the thiolase gene (Fig. 3.1) was also investigated.

3.2 Materialsand methods

3.2.1 Bacterial strainsand plasmids

The list of bacterial strains and plasmids areabl& 3.1.

3.2.2 Plasmid and strain construction

Theaad gene (CAP0162) responsible for butanol formati@s WCR amplified frong.
acetobutylicum genomic DNA using primers aad_fwd and aad_rewtiuele the natural
promoter. All primers used in plasmid constructioa listed in Table 3.2. The pSOS94 vector
was digested witBamHI andEhel and blunt ended to remove the acetone formateneg
while leaving theptb promoter region and treelc terminator. Thead PCR product and the
linearized pSOS94 vector were ligated to createAp®B. Both pCTFB1AS, containing the
ctfB asRNA, and p94AAD3 were digested wall to linearize pCTFB1AS and isolate thad
gene with theotb promoter anédc terminator from p94AAD3. These fragments weratigl
together to generate pCASAAD.The thiolag#)(gene including the endogenous promoter and
terminator regions was amplified fro@ acetobutylicum genomic DNA using primers thl_fwd
and thl_rev. Following purification, the PCR pratiwas digested witBall andEcoRI as was
the shuttle vector pIMP1. The digested PCR prodiast ligated into the pIMP1 shuttle vector
to form the plasmid pTHL. Thaad gene cassette from p94AAD3 was isolated usiSg la
digestion and purified. Plasmid pTHL w&all digested and ligated with the purifiedd gene

cassette to generate plasmid pTHLAAD.
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Strain or Plasmid Relevant Characteristics

Source or Referefice

Bacterial Strains
C. acetobutylicum
ATCC 824
M5
E. coli
Topl0
ER2275
Plasmids
pAN1 Crh) ®3T | gene, p15A origin
pSOS9% acetone operoptp promoter)
P94AADS aad (ptb promoter)
pCTFB1AS  ctfB asRNA ¢hl promoter)

pCASAAD® aad (ptb promoter) ctfB asRNA ¢hl promoter)
pAADB1° aad (aad promoter)ctfB asRNA ¢hl promoter)

pTHL® thi

PTHLAAD®  thl, aad (ptb promoter)
pPTBAAD®  aad (ptb promoter)

pCAS’ ctfB asRNA @dc promoter)
pSOS95dél  thl promoter

ATCC
(Clark, Bennettiad 1989)

Invitrogen

New England Biolabs

Mdrmelstein and Papoutsakis 1993)
Soucaille and ®apakis, unpublished
This study
(Tummala, Welker et al. 2003)
This study
(Tummala, Junne et al. 2003
This study
This study
This study
This study
(Tummala, Jeieh al. 2003)

pSS2 aad (ptb promoter) ctfB asRNA @dc promoter) thi This study

3Cmi, chloramphenicol resistance gepth, phosphotransbutyrylase gemed, alcohol/aldehyde dehydrogenase getf8, CoA transferase

subunit B genethl, thiolase geneadc, acetoacetate decarboxylase gene.

PATCC, American Tissue Culture Collection, RockvilldD

‘contains the following: ampicillin resistance gemgcrolide, lincosimide, and streptogramin B resise generepl, pIM13 Gram-positive

origin of replication; ColE1 origin of replication

Table3.1 Bacterial strainsand plasmids used in this study.



Primer Name

Sequence (5-3")

Description

aad_fwd
aad_rev
thl_fwd
thl_rev

p_adc_top

p_adc_bot

ctfBas_top

ctfBas_bot

cas_fwd
cas_rev
aad_rt fwd
aad_rt_rev
pul_rt_fwd

pul_rt_rev

TTAGAAAGAAGTGTATATTTAT

AAACGACGGCCAGT GAAT

CCATATGI CGACGGAAAGCCTTCA
ACCCCTAGTACTGAATTCGCCTCA
TCGACTAAAAATTTACTTAAAAAAACATATGT GTTATAAT
GAAATATAAATAAATAGGACTAGAGCCGATTTATAATGTG
AAGATAAAGTATGITAG
AATTCTAACATACTTTATCTTCACATTATAAATCGCCTCT
AGTCCTATTTATTTATATTTACATTATAACACATATTGTT
TTTTTAAGTAAATTTTTAG
AATTCTTAATTCTCTTGCAACTCTTTTGCCTATTATTTCT
TTCGCTAGGTTTTTATCATTAATCATTTTATGCAGGCTCC
TTAAAAGTAATTACATTACA
TATGATATGTAATTACTTTTAAGGAGCCTGCATAAAATGA
TTAATGATAAAAACCTAGCGAAAGAAATAATAGCCAAAAG
AGTTGCAAGAGAATTAAG
TCGACTAAAAATTTACTTAAAAAAAC
TATGATATGTAATTACTTTTAAGG
AGAAAATGGCTCACGCTTCA
GCAATGCCAACTAGGAATATTGTG
TTCTCCACTGTGGECGTAGAGTT
TCTCTAAGATCCCAATCTATCCAATTT

aad forward primer
aad reverse primer
thl forward primer
thl reverse primer
adc promoter top

oligonucleotide

adc promoter bottom

oligonucleotide

ctfB asRNA top

oligonucleotide

ctfB asRNA bottom

oligonucleotide

ctfB asRNA forward primer
ctfB asRNA reverse primer
aad RT-PCR forward primer
aad RT-PCR reverse primer
thl RT-PCR forward primer
thl RT-PCR reverse primer

Table 3.2 List of primersand oligonucleotides used in this study.
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A revisedctfB asRNA cassette was generated by first insertib@Oebp

oligonucelotide into the pIMP1 shuttle vector falimg digestion withSall andEcoRI. This
oligonucleotide includes the sequence foratie promoter element with compatible nucleotide
overhangs for ligation. The complimentary oligoleatides p_adc_top andp_adc_bot were first
annealed together before ligating into the pIMPdtee creating pPADC, which was then
digested witHecoRI andNdel. A second set of complementary oligonucleotidtfBas_top and
ctfBas_bot, were annealed and ligated to the deaggsPADC to form pCAS. The nesfB

asRNA cassette was PCR amplified from this plaamidg primers cas_fwd and cas_rev and
ligated into the pTHLAAD plasmid to generate pladmpBS2.

All plasmids were transformed into Top 10 chemicathmpetent. coli (Invitrogen,
Carlsbad, CA). Plasmids were confirmed using segug reactions. The plasmids were
methylated using. coli ER2275 (pAN1) cells to avoid the natural restaotsystem o€.
acetobutylicum (Mermelstein and Papoutsakis 1993). Once metbyjdhe plasmids were
transformed by electroporatir@ acetobutylicum wildtype (WT) or mutant M5 strains as

described (Mermelstein, Welker et al. 1992).

3.3 Reaults

3.3.1 Early and elevated expression of aad using the ptb promoter

We aimed to explore ME strategies to enhance butarmation and selectivity and
accelerate butanol production. We focused on expgdhe regulation of fluxes around the two
critical nodes of butyryl-CoA and acetyl-CoA (FR&)1). First, we sought to enhance and
accelerate butanol and ethanol production by irstngethe expression of the enzyme

responsible for butanol and ethanol formation, ladt@ldehyde dehydrogenase (AAD) (Fig.
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3.1). This was accomplished by changing the teaipxpression of this gene using tik

promoter, g, (of theptb-buk operon, coding the two enzymes responsible forrhtey
production from butyryl-CoA), which is active eaitythe acidogenic growth phase (Tummala,
Welker et al. 1999) when ttead natural expression is normally absent (Nair, Bxthet al.
1994). This early expression a&dd sought to direct more of the carbon flux toward&ahol
production while limiting the formation of butyralbg competing early for butyryl-CoA. The
combination of the early-plasmid expressad with the later chromosomal expressad from
its natural promoter should allow for the sustaibathnol production throughout both the
acidogenic and solventogenic growth phases. PtheB#AAD3 was created to exprezsxl

from the pw. P94AAD3 was first transformed into the degeresitain M5 (which has lost the
pSOL1 megaplasmid and thus the ability to expriessd operon and form butanol or acetone
(Cornillot, Nair et al. 1997)) to confirm the propexpression odad and the production of a
functional protein. Production of butanol in M54#AD3) was observed (results not shown)
confirming the proper expression and translatiothebad gene from g,. Then,aad expressed
from the py, was isolated from p94AAD3 and combined into amig@scontaining thetfB
asRNA, creating plasmid pCASAAD. Following the tséarmation of pCASAAD into the WT
strain, controlled pH 5.0 fermentations were perfed in duplicate to fully characterize the
824(pCASAAD) compared to the strain containingdtiB asRNA andaad overexpression from
its endogenous promoter, 824(pAADB1), and the pidsontrol strain 824(pS0OS95del) (Fig.

3.2).
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Figure 3.1 Metabolic pathwaysin C. acetobutylicum and associated calculated in vivo

fluxes.

Selected enzymes are shown in bold and assocratedellular fluxes are shown in italics. The
metabolic intermediates acetyl-CoA and butyryl-Car& in ovals to highlight their importance
in final product formation. Enzymes are abbredas follows: hydrogenase (HYDA);
phosphotransacetylase (PTA); acetate kinase (Akglase (THL);B-hydroxybutyryl
dehydrogenase (BHBD); crotonase (CRO); butyryl-G@Aydrogenase (BCD); CoA
Transferase (CoAT); acetoacetate decarboxylase @YAButyrate kinase (BK);
phophotransbutyrylase (PTB); alcohol/aldehyde detgyehase (AAD). Note: AAD is believed
to be the primary enzyme for butanol and ethanwh&dion but additional genes exist that code

for alcohol forming enzymesadhe2, bdhA, bdhB, CAC3292, CAP0059).
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RNA samples were collected during the fermentatiand analyzed for the level of

aad expression using Q-RT PCR. Comparingdhe expression between the strains, there
exists a nearly ten-fold higher expressiormad in 824(pCASAAD) than in 824(pAADB1)
during the first four timepoints (Fig. 3.3). Thedsaepoints correspond to the exponential
growth phase and the early transitional phase ey, is expected to have the highest
activity. During the later timepointgad expression continues to be higher in 824(pCASAAD),
but at lower levels than initially observed. Thgpression obad within each strain was also
examined. In 824(pCASAADRad expression is highest during the first four timep®after
which the expression level decreases. This paitteiive opposite of the WT strain whexa
expression is absent early, but is later inducestationary phase (Alsaker and Papoutsakis
2005). This shows that thggppwas successful in enhancing the early expresdiaacd The
pattern ofaad expression in 824(pAADBL1) is more complex. Thexests a distinct peak in
expression ofad that corresponds to the entry into stationary pha$enaad is induced in the

WT strain. After this point thead expression begins to decrease.

3.3.2 ptb-promoter-driven aad expression leadsto higher cell densitiesand increased,

earlier butanol formation

Although the growth rate was similar between ahists, 824(pCASAAD) reached
higher cell densities (Table 3.3) than either 82pPB1) or 824(pS0OS95del). We attribute
these higher cell densities to the lower butyratecentrations observed in the 824(pCASAAD)
strain (Fig. 3.2): butyrate was completely re-adsited by both strains with thefB asRNA, but

peak butyrate levels were reduced by two-third824(pCASAAD) compared to 824(pAADB1).
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Figure 3.2 Growth and product concentrations of 824(pCASAAD), 824(pAADB1) and

824(pS0OS95ddl) pH 5.0 fer mentations.

Fermentations were performed in duplicate, whikuits are shown from one fermentation.
Differences in product formation between duplidatenentations are less than 5%. Lag times
were standardized between fermentations by normglem Asoo of 1.0 at hour 10 of the
fermentation. 824(pCASAAD) results are shown peamotriangles, 824(pAADB1) results are

shown as closed squares, and 824(pS0OS95del) raseiéhown as gray circles.
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Samples were taken from bioreactor experiments showigure 1. A. The ratio alad
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expression in 824(pCASAAD) relative to 824(pAADBXmparing similar timepoints. B. The

ratio ofaad expression in 824(pCASAAD) relative to the finghépoint sampled. C. The ratio

of aad expression in 824(pAADBL) relative to the firgshgpoint sampled.
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Furthermore, both the peak and final acetatdsenvere reduced in 824(pCASAAD)

compared to 824(pAADB1J): final acetate concentraiovere 129 mM in 824(pAADB1), 85
mM in 824(pCASAAD) and 77 mM in the plasmid contstlain 824(pS0OS95del). The solvent
formation profiles also show significant differesdgetween strains. In the control
824(pS0OS95del) strain, acetone and butanol arpritmary solvents produced, 109 mM and 176
mM respectively, while ethanol formation is relaliy minor, at ca. 20 mM. The acetone
production of 824(pCASAAD) is slightly higher than824(pAADBL1), but 824(pS0OS95del)
produces twice the acetone of 824(pCASAAD). Butamoduction was higher in
824(pCASAAD) (178 mM) and 824(pSOS95del) than id@2ADB1) (146 mM).

Significantly, butanol was produced earlier anccheal its final levels in half the time in
824(pCASAAD) (ca. 60 hrs) than in 824(pS0OS95ded) (20 hrs) (Fig. 3.2). Earlier butanol
formation is better demonstrated in the plots shgwhe specific intracellular fluxes (Fig. 3.4).
Ethanol production was dramatically higher in SZZW{SAAD) and 824(pAADBL1) than in
824(pS0OS95del). 824(pCASAAD) produced 305 mM ebhalb times higher than the control
strain, while 824(pAADB1) produces 184 mM. Thighe highest ethanol production reported
by any solventogenic clostridium. These data sti@mwbutyryl-CoA and acetyl-CoA are
important determinants of solvent yields and seligts, and this is further illuminated by

metabolic flux analysis, which is presented next.

3.3.3 Metabolic flux analysis of the three strains supportsthe limiting role of butyryl-CoA
and acetyl-CoA for butanol vs. ethanol production, respectively
Using a previously developed model (Desai and Pap&is 1999), the fluxes of

824(pAADBL1) and 824(pCASAAD) were calculated andmalized both for differences in lag



Fermentation characterisfics

Strains Max Age Butanol Ethanol Acetone Acetgig Acetatgny Butyratgeax Butyratesng
824(pS0OS95del) 5.79 176 9 1 109 80 77 73 37
824(pAADB1) 5.60 146 184 42 147 129 53
824(pCASAAD) 11.80 178 300 61 105 85 20 2
824(pTHL) 10.67 54 6 34 68 68 76 71
824(pTHLAAD) 9.75 153 28 98 68 67 39 17
824(pPTBAAD) 11.90 160 76 59 124 124 62 2
824(pSS2) 10.70 137 288 29 120 106 16 2
824(pCAS} 3.59 53 11 29 38 38 45 34
824(pSOS95dedl)  4.35 152 21 91 22 12 33 22

2All results shown are average mM concentration fchuplicate experiments
PResults are from static flask experiments withddtqontrol

Table 3.3 Product formation in pH 5.0 fermentation experiments
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Figure 3.4 Metabolic flux analysis of 824(pCASAAD), 824(pAADB1) and 824(pSOS95dd!).

824(pCASAAD) results are shown as open triangl2d(@AADB1) results are shown as closed
squares, and 824(pS0OS95del) results are showraggigeles. Lag times were standardized

between fermentations by normalizing agdof 1.0 at hour 10 of the fermentation.
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times of growth and cell density. First, the coagbon fluxes GLY 1, GLY 2, thiolase and

BYCA, and the Hformation flux were largely similar among the thigrains (except for the
first 3-4 normalized hours in strain 824(pCASAARhich were lower, likely due to the
metabolic burden of the early AAD overexpressi@amyd thus unaffected by the genetic
modifications, which is the theoretically expectedtl a desirable finding. The butanol and
ethanol formation fluxes show significantly higheues early in 824(pCASAAD) than in
824(pAADBL1) or the plasmid control. This is consrgtwith the observation that the FDNH
fluxes (NADH, production from reduced ferredoxin coupled to@ier 2 flux (Fig. 3.1)) show
higher values earlier in the order (high to lowB@#(pCASAAD), 824(pAADB1) and
824(pSOSdel). In strain 824(pCASAAD) the butanaehfation flux dropped to less than 25% its
maximum at 21 hours, while the ethanol formatiax fls maintained at over 50% its maximal
value for nearly 60 hours. Although the peak faroravalues occur later in 824(pAADB1), the
same trends of butanol and ethanol production\dadeet. In 824(pAADB1), the ethanol
formation flux only reaches its maximum value aftex butanol formation flux sharply
decreases at 25 hours. Butanol formation precatias@ formation in all strains, but ethanol
formation is sustained for longer time periods thatanol formation, and especially so after 25
hours when the flux (BYCA) to butyryl-CoA as we#l the acetate and butyrate fluxes have
largely been reduced to zero, while the GLY 2 f{kig. 3.1) remains still at reasonable levels
(ca. 1 mM Ayog* h™; Fig. 3.4). This suggests that butyryl-CoA availiablimits butanol
formation, while the substantial flux to acetyl-Ca8mbined with high levels of AAD
expression feeds and sustains the flux to ethdrogh levels thus leading to the very high
ethanol titers. The nearly zero flux of acetaterfation after 25 hours and the sustained high

ethanol fluxes late past 50 to 60 hours suggesthieahigh AAD activity combined with the
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likely lower activities of the acetate formatiorzgmes (based on transcriptional information,

data not shown) are responsible for channeling midtste carbon to ethanol by utilizing all the
available reducing paper, and thus the zeréokmation flux at that time period.

The butyrate formation flux is particularly low 824(pCASAAD), thus demonstrating
that the strategy for channeling butyryl-CoA frontyrate to butanol formation by the early and
strongaad overexpression has worked as anticipated. Dueettoth butyrate formation,
butyrate uptake is much lower in 824(pCASAAD). fate formation is also sustained better
and longer in 824(pAADB1) than in 824(pCASAAD) ait@ plasmid-control strain, and this is
consistent with the deduced longer sustained a@Gxi pool that sustains much longer a high
ethanol flux. Comparing the acid uptake fluxeshviite acetone formation flux, it is evident that
acetone is produced almost solely from the uptdlezetate, as the acetate uptake flux is 10-fold
higher than the butyrate uptake flux in both 824§p81) and 824(pCASAAD). Acetone
formation is also sustained longer in 824(pAADBign in 824(pCASAAD), but both strains
show the anticipated lower acetone fluxes comptréde plasmid-control strain as a result of

the asRNA dowregulation of the acetone-formatioryere CoAT (Figs. 3.1 and 3.4).

3.3.4 Role of thiolase promoter and thiolase expression on the acetyl-CoA to butyryl-CoA

flux, and itsimpact on product formation

The data discussed above (Figs. 3.2 and 3.4) suthges exists a bottleneck for the
formation of butyryl-CoA from acetyl-CoA. Four gnmmes catalyze the conversion of butyryl-
CoA from acetyl-CoA (Fig. 3.1). These are orgadizg@o two operons on the chromosome.
The first enzyme in the pathway, thiolase (codedhgymonocistronithl), converts acetyl-CoA

to acetoacetyl-CoA. The other three enzyrdsydroxybutryl-coenzyme A dehydrogenase
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(BHBD), crotonase (CRO), and butyryl-CoA dehydrogss (BCD), convert acetoacetyl-CoA

to butyryl-CoA and are co-transcribed as a singlgie operon (Boynton, Bennett et al. 1996).
thl is expressed at high levels. Its constitutive-Bk@ression (Tummala, Welker et al. 1999)
makes it an ideal promoterg(p for high expression studies in clostridia, andgwaus used to
drive the expression of tlatfB asRNA in these studies. It is possible that $eaf p, for the
ctfB asRNA could have lowered the expression of th@gexoughl gene, thereby lowering
THL activity and creating the acetyl-CoA buildum order to test this hypothesis, tttéB
asRNA was expressed from another promoter, narhelpriomoter of the acetoacetate
decarboxylase (Fig. 3.1) geadc (padc), Which is also highly expressed but a little tatean g,
(Tummala, Welker et al. 1999), and since it is usetthe formation of acetone, any promoter
titration effects would not negatively impact buthformation. A 100-basepair oligonucleotide
was designed to include the integral portions efatlic promoter (Gerischer and Dirre 1990).
Following its ligation into the pIMP1 shuttle vectanother oligonucleotide was designed to
include the Shine-Delgarno sequence ofdffi®@ gene and ca. 50 basepairs of the downstream
coding sequence. Following th#B sequence was tlgtnA hairpin terminator (Desai and
Papoutsakis 1999). This neiB asRNA was ligated downstream @gfqto create the plasmid
pCAS (Table 3.1). This plasmid was transformed the WT strain to confirm the functionality
of the newctfB asRNA. This new strain (824(pCAS)) was charargetiin static fermentations
and compared to the originetfB asRNA. Acetone formation was much lower in 8248¢
than in the 824(pS0OS95del) control strain (Tab8).3824(pCAS) also has low overall solvent
formation and higher acid formation with limiteddceassimilation compared to
824(pS0OS95del). These results are consistentthgtiprevioustfB asRNA strain (Tummala,

Junne et al. 2003; Tummala, Welker et al. 2003).
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To determine if low THL levels were limiting themeersion of acetyl-CoA to butyryl-

CoA in the WT strain without AAD overexpressionethl gene including its endogenous
promoter was amplified from genomic DNA and ligaietd the pIMP1 shuttle vector to create
plasmid pTHL. Following the transformation of tipksmid into the WT strain, pH controlled
bioreactors were used to characterize the stilie metabolism of the 824(pTHL) is
characterized by initial levels of high acid protlo, typical in clostridial fermentations, but
there is only very limited acid reassimilation (T&aB.3). Along with the elevated levels of acid
production, there is a dramatic decrease in theldenf solvents produced. Additionally, there is
a sharp decrease in the cell density of the cufincka plateau of the glucose uptake just a few
hours following the peak butyrate production. Timigy indicate that the cells cannot
reassimilate butyrate promptly and the solvent gexa@not be induced to respond to the
butyrate production, which leads to growth inhiniti We hypothesized thaad overexpression
using pw Would promote early butanol production and a mdanpreventing the accumulation
of inhibitory butyrate concentrations.

Overexpression of AAISIng R Was analyzed with (strain 824(pTHLAAD)) and
without (strain 824(pPTBAAD))hl overexpression, and the fermentation data frontviioe
strains are summarized in Table 3.3. As a re$UiAd® overexpression, ethanol levels in
824(pPTBAAD) increased to 76 mM, more than threees the WT production. Additionally
butyrate was nearly completely re-assimilated Iy strain, while the final butanol titer was 160
mM. Acetate production in 824(pPTBAAD) was alsaowkigh reaching final levels of 124
mM. With the addition of THL overexpression, 8ZALAAD) shows a significant shift in
product formation compared to 824(pPTBAAD). Ethgmoduction is reduced from 76 mM in

824(pPTBAAD) to 28 mM in 824(pTHLAAD). Acetate fmiation in 824(pTHLAAD) is also
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reduced to nearly half the level of 824(pPTBAAButanol is produced at similar levels in

both strains while THL overexpression causes aldn@akase in butyrate formation. Acetone
levels were ca. 40% higher in 824(pTHLAAD) compare@24(pPTBAAD).

Comparing the profiles of the different fluxes (F835) provides additional insight into
the role of THL overexpression. Consistent with TTHL overexpression, there is an increase in
the thiolase flux in 824(pTHLAAD) from about 5 hauio 30 hours (notice that the time scale in
the flux analysis is in normalized hours) compae824(pPTBAAD). The higher butanol and
BYCA fluxes early (in normalized hours) in the feamation show that butanol is produced
earlier in 824(pTHLAAD) than in 824(pPTBAAD) appatéy because THL overexpression can
enhance the butyryl-CoA rate of formation. Theaethl formation flux is similar between the
two strains until about 25 hours into the fermantatvhen the flux is sharply reduced to zero at
40 hours in 824(pTHLAAD), while the ethanol forn@tiflux is sustained at a high level in
824(pPTBAAD) after 50 hours. The HYD and FDNH fls<are not affected il
overexpression. Comparing the acid formation flukese appears to be little difference, but the
acid uptake fluxes are significantly increased2d @ THLAAD) compared with
824(pPTBAAD): the acetate uptake flux is nearlydsvas high in 824(pTHLAAD) and is
sustained longer than in 824(pPTBAAD), while théybate uptake flux has a similar magnitude,
but is sustained longer in 824(pTHLAAD). The acetdormation flux follows a similar pattern
as the acetate uptake flux showing that acetomedtion is mostly due to acetate uptake.
Significantly, except for the first few hours, tB& CA flux is identical between the two strains.
These flux analysis data then show that THL overesgion enhances acetoacetyl-CoA

formation, which enhances acetone formation anthteeptake. Except for very early in the
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Figure 3.5 Metabolic Flux Analysis of 824(pTHLAAD), 824(pPTBAAD) and

824(pSOS95dd).

824(pTHLAAD) results are shown as closed circl&l(BPTBAAD) results are shown as grey
squares, and 824(pCASAAD) results are shown as oemgles. Lag times were standardized

between fermentations by normalizing agdof 1.0 at hour 10 of the fermentation.
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fermentation (in normalized hours), the lack of @animpact on the BYCA flux suggests that

that flux is limited by one of the HBD, CRO or BGIDzymes (Fig. 3.1). Thusl
overexpression achieved in principle the goal diioeng the acetyl-CoA pool and thus reduce
the formation of ethanol and acetate. Indeed, #(B2TBAAD) the ratio of the concentrations
of the two carbon products (ethanol and acetat#)edour carbon products (butanol and
butyrate) was 0.81. When THL was overexpressel AltD in 824(pTHLAAD), this ratio
more than doubled to 1.79.

A comparison of the fermentation data (Table @& strains 824(pPTBAAD) and
824(pCASAAD) illuminates the impact of the asRNAAJo(Fig. 3.1) downregulation. This is

analyzed in detail below.

3.3.5 Combined effect of thl and aad over expression with COAT dowregulation

Plasmid pSS2 (Table 3.1) was constructed to combitfle AAD (from the pu,)
overexpression, and CoAT downregulation by asRNA for the latter using the,g instead of
the pn used in the pCASAAD and pAADBL1 plasmids. pH coliéd fermentations of strain
824(pSS2) were once again used to characterizsridia in order to compare to the
824(pCASAAD) and 824(pTHLAAD) strains (Fig. 3.6%train 824(pSS2) grew a little slower
than either 824(pCASAAD) or 824(pTHLAAD) and proddiermation was delayed even when
normalized for differences in lag times; this islpably due to a general metabolic burden by the
larger plasmid. Peak acetate production in 8242p8&s similar to 824(pCASAAD), but final
acetate concentrations were higher. Butyrate foamavas nearly identical in 824(pSS2)
compared with 824(pCASAAD), which has lower peall final butyrate levels than

824(pTHLAAD). Ethanol formation at 288 mM was vdrigh in 824(pSS2), nearly as high as
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Figure 3.6 Growth and product concentrations of 824(pCASAAD), 824(pTHLAAD) and

824(pSS2) pH 5.0 fermentations.

Fermentations were performed in duplicate, whitlts are shown from one fermentation.

Differences in product formation between duplidatenentations are less than 5%. Lag times

were standardized between fermentations by normglem Asoo of 1.0 at hour 10 of the

fermentation.

824(pCASAAD) results are shown parotriangles, 824(pTHLAAD) results are

shown as closed circles, and 824(pSS2) resultshemen as gray diamonds.
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in 824(pCASAAD), which is much greater than ethgmalduction in 824(pTHLAAD).

Acetone levels are much lower in the two straimbbang thectfB asRNA, while butanol levels
were fairly similar across all strains the lowestdls are achieved in 824(pSS2).

824(pSS2) shows a more similar profile to 824(pCABA, which does not overexpress
thl (but produces somewhat higher butanol and acééwets) than 824(pTHLAAD), which
does overexpreghl. These results indicate that tttéB asRNA combined witlaad
overexpression provide the dominant phenotype (bighnol and ethanol formation with
suppressed acetone formation) that addititmaxpression is unable to modulate in terms of
enhancing butanol formation. It can be also arghatthe g, driven asRNA CoAT
downregulation has the desirable outcome, namgbyaducing a large suppression of acetone
formation (which is fractionally larger than thegppuession of either butanol or ethanol
formation; compare the profiles of strain 824(pS&&) 824(pCASAAD) in Fig. 3.6).

If one compares strains 824(pSS2) and 824(pTHLAAIY,impact of COAT
downregulation in the former is expected in thaeduces acetone formation, but unexpected in
that it dramatically enhances ethanol and acetatedtion apparently due to an increased acetyl-
CoA pool. The same conclusion is drawn when onepeawes strains 824(pPTBAAD) and
824(pCASAAD) (Table 3.3): CoAT downregulation enbas dramatically ethanol formation
but is accompanied by a lower final acetate pradactAn explanation of these phenotypic
difference is a bit more complex thus necessitadisgmparison of the fluxes between these two
strains is shown in Fig. 3.5 pCASAAD has much higitbanol and butanol formation fluxes,
lower rTHL fluxes, dramatically lower acetate (rA€Yand butyrate (rBYUP) uptake fluxes,
altered rFDNH, and altered acetate formation flutkégher early, lower later), all of which point

to altered regulation around the acetyl-CoA node.
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3.4 Discussion

We altered the pattern ahd expression by replacing the endogenous promotérthat
of ptb, which is responsible for butyrate formation. Sbaused both earlier and higher
expression ofad and had dramatic effects on the fermentation prtsd{Figs. 3.2, 3.3 & 3.4).
All the solvents (acetone, butanol, and ethanolevpeoduced at higher levels in
824(pCASAAD) with pw drivenaad expression than in 824(pAADBL1), which uses théveat
aad promoter. The use of tlofB asRNA kept acetone concentrations low, while ethan
concentrations reached the highest levels obsentbdhis organism. The total solvent
produced of 824(pCASAAD) is over 30 g/L with 13-dA4 each of butanol and ethanol. WT
fermentations only produce about 20 g/L solvenis$ deetone and butanol are the primary
products. Additionally, butyrate is not totallyassimilated by the WT strain as it is in
824(pCASAAD). Final acid levels can be 15-25%lwd total products in WT. acetobutylicum
fermentations, but in 824(pCASAAD) fermentationglaa@re only 5-10% of the total products.
Other high solvent producing clostridia strainsén@een engineered that produced between 25-
29 g/L total solvents in batch cultures, but agthe, primary products are butanol and acetone
(Harris, Desai et al. 2000; Qureshi and Blaschékl2Uomas, Welker et al. 2003). With the
emergence of biofuels, strains producing ethandgl ogapreferred over those producing acetone
as other significant products.

Metabolic flux analysis showed that the earlierregpion ofaad resulted in earlier
formation of both butanol and ethanol. It alsoegp that butyryl-CoA depletion may lead to
the high ethanol yields. Ethanol production ordgdmes significant as butanol production
decreases due to reduced availability of butyryhCds the same enzyme (AAD; Fig. 3.1)

catalyzes butanol and ethanol formation, genomicipugations to directly decrease ethanol
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formation cannot be achieved by a simple metatesigineering strategy. To further increase

the butanol titers one must divert more of they@gebA (the precursor of ethanol) to butyryl-
CoA. Thiolase (THL) is the first enzyme in the gersion of acetyl-CoA to butyryl-CoA and its
role in solvent production was investigated. Téllerexpression combined with AAD
overexpression lowered production of acetate amanet, while increasing acetone and butyrate
levels. ThectfB asRNA used in the earlier studies was also rededitp eliminate the use of the
thl promoter to alleviate concerns of transcriptioctdatitration effects. Although the combined
THL and AAD overexpression does produce a subsilastift in the fermentation products, the
combination of THL and AAD overexpression with CoA3RNA downregulation does not
significantly alter product formation compared e strain without THL ovexpression. This
indicates that with fewer genetic manipulatidhisgene dosage may be an important contributor
to the final end products, but the combinatiortéil asRNA and AAD overexpression may
result in internal metabolite concentrations tonstmained for THL overexpression to impart any
benefit. In particular, the BYCA flux appears stant to change by THL overexpression (Fig.
3.6; compare strain 824(pSS2) to strain 824(pCASBAIDX data are not shown), thus possibly
necessitating the overexpression of one of the BHBRO or BCD enzymes (Fig. 3.1). Thisis a
rather complex undertaking for two reasons: fitst, size of the plasmid required for
overexpressing some or all of these genes togatitethe genes or RNAs already on plasmids
pSS2 or pPCASAAD will be very large and will impoadarge metabolic burden on the cells.
Second, it is not clear which of the three genab®BYCA linear pathway is rate limiting and
especially because additional electron transpateprs may be necessary (Boynton, Bennett et

al. 1996). Nevertheless, this is a problem we pdgoursue in our lab in the quest for better
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strains to produce butanol. At the same time, shfproach is necessary in order to be able

to exercise control over the ratio of butanol toasiol produced.
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CHAPTER 4: METABOLIC ENGINEERING OF THE NON-
SPORULATING, NON-SOLVENTOGENIC CLOSTRIDIUM
ACETOBUTYLICUM STRAIN M5 TO PRODUCE BUTANOL WITHOUT
ACETONE DEMONSTRATESTHE ROBUSTNESS OF THE ACID-
FORMATION PATHWAYSAND THE IMPORTANCE OF THE

ELECTRON BALANCE

4.1 Introduction

Clostridium acetobutylicumis an anaerobic, spore-forming prokaryote thatipeces the
solvents butanol, acetone, and ethanol. Increiasexkst in the development of biologically
based chemicals and fuels has generated reneveadi@ttin this industrially important strain.
The desired product of th& acetobutylicum fermentation is butanol, which has superior fuel
characteristics to ethanol, such as higher enavgteat and lower water miscibility. Tl
acetobutylicum genome has been sequenced and annotated (N&fetpn et al. 2001), and
methods for genetic deletions (Harris, Welker eR@D2; Heap, Pennington et al. 2007; Shao,
Hu et al. 2007) and gene overexpression (Mermalsted Papoutsakis 1993) have been
developed, making it an attractive organism fottfer strain development. Clostridia can also
grow on a variety of substrates, from simple perda@nd hexoses to complex polysaccharides
(Jones and Woods 1986).

The metabolism o€. acetobutylicum is typically biphasic in batch culture: the cditst
produce acetate and butyrate and later butandb@eeand ethanol. During growth, the

production of acids lowers the pH of the culturdjehh combined with butyrate accumulation
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(Husemann and Papoutsakis 1988) causes a shiftabwlism towards solvent production.

As solvents are produced, the acids are typicatgsimilated and converted into solvents. With
initiation of solvent formation, the cells comnuttheir sporulation program. In continuous
culture or upon consecutive vegetative transfaks may degenerate whereby they become
asporogenous and lose the capability to produsestd. In this organism, the degeneration
process is due to the loss of the pSOL1 megapla&parhillot, Nair et al. 1997) which carries
the key solvent formation genes in the so cadt#docus made up of thal operon ad-ctfA-

ctfB) (coding for the enzymes AAD, and CoAT,; Fig. 4ahd theadc gene (coding for the

enzyme AADC; Fig. 4.1). From the practical pointvadw, a solvent-producing, non-sporulating
strain is most desirable because it is known tblaestogenic clostridia produce solvents only
during a rather narrow window of their sporulatmegram, namely during and/or the near stage
of the characteristic, cigar-shaped, clostrididl4oem (Jones and Woods 1986). The rest of the
mixed-cell population does not likely contributestalvent production, and this limits the specific
cell productivity. Significantly, sporulating celése not suitable for continuous or
semicontinuous (fed-batch) fermentations due tactdmmitment to sporulation. Solvent
producing non-sporulating strains for other clas#&rihave been derived by random mutagenesis
(Lemme and Frankiewiez 1985; Jain 1993). Eoacetobutylicum, chemical mutagenesis might
not be an option, because it has been reportedk(@annett et al. 1989) to lead to strain
degeneration (Cornillot, Nair et al. 1997); sigeafintly, strains generated by random mutagenesis
cannot be easily improved further by targeted bwia engineering strategies. It has been
shown however, that asporogenous strains (M5 antl) [BEGC. acetobutylicum which have lost

the pSOL1 megaplasmid can be complemented by pdgsrarrying thead gene (expressed
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Figure4.1 Metabolic pathwaysin C. acetobutylicum and associated calculated in vivo

fluxes.

Selected enzymes are shown in bold and assocratedellular fluxes are shown in italics.
Enzymes are abbreviated as follows: hydrogenasd@)Yphosphotransacetylase (PTA);
acetate kinase (AK); thiolase (THLJ:hydroxybutyryl dehydrogenase (BHBD); crotonase
(CRO); butyryl-CoA dehydrogenase (BCD); CoA Trama$e (CoAT); acetoacetate
decarboxylase (AADC); butyrate kinase (BK); phophnsbutyrylase (PTB); alcohol/aldehyde
dehydrogenase (AAD). Note: AAD is believed tothe primary enzyme for butanol and
ethanol formation but additional genes exist tlwatecfor alcohol forming enzymeadhe2,

bdhA, bdhB, CAC3292, CAP0059). The pathways whose geneda&si the pSOL1
megaplasmid and are absent in M5 are shown agddotes. The boxed pathway shows the

ATP generation and NADH production occurring dunmgtabolism.
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from its autologous promoter) and this leads t@balk formation, albeit at relatively low

levels (Nair and Papoutsakis 1994; Cornillot, Niial. 1997), but no acetone production.
Here we examined whether such strains can be mgateduce higher levels of butanol similar
to those of the WT strain. Such strains would by desirable for an additional important
reason: they would not produce acetone, whichtsm®esirable product, thus significantly
raising the selectivity of the process for butaaoll thus increasing its economic appeal.

In this study we have used the non-sporulating;sawentogenic strain M5 (Clark,
Bennett et al. 1989) as a platform in order to gateestrains that produce only butanol. First, the
strain was transformed with a plasmid to overexptheaad gene from an alternate promoter
that bypasses the endogenous solvent gene regulgtiorts to further enhance butanol
production were investigated using thiolah#; (Fig. 4.1) overexpression, and inactivation of the
acid formation pathways, individually, by gene kkagt (KO). From the fundamental point of
view, this study also addresses the key question whether other pSOL1 genes are necessary
for efficient cell growth and solvent productiomdaalso if elimination of one of the acetate or
butyrate formation pathways (Fig. 4.1) can be jpcalty achieved in the M5 genetic
background. A key tool for pursuing these goathésdetailed metabolic flux analysis of the
cell’'s primary metabolism (Fig. 4.1), as has beewetbped and extensively validated by our
group over the years (Papoutsakis 1984; Desaiséhedt al. 1999; Harris, Desai et al. 2000;

Harris, Blank et al. 2001).

4.2 Materialsand Methods

4.2.1 Bacterial strainsand plasmids

The list of bacterial strains and plasmids areabl& 4.1.
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4.2.2 Strain and plasmid construction

Theaad gene (CAP0162) was PCR amplified fr@nacetobutylicum genomic DNA
using primers (aad_fwd and aad_rev) to excluden#tteral promoter. All primers and
oligonucleotides used are shown in Table 4.2. g3@©S94 vector was digested waamHI and
Ehel and blunt ended, leaving tipdo promoter regiongtb codes for the first enzyme, PTB, of
the butyrate formation from butyryl-CoA,; Fig. 4.1Jheaad PCR product and the linearized
pSOS94 vector were ligated to create p94AAD3. fhidase genetlil) with its natural
promoter was PCR amplified from genomic DNA (thldfand thl_rev) witt&all and EcoRl
sites designed into the primers. The pIMP1 plasanid the thiolase gene were digested with
Sall andEcoRI and ligated to create pTHL. Both pTHL and p9423were digested witBall
to linearize pTHL and isolate tlaad gene with theptb promoter from p94AAD3. These
fragments were ligated together to produce pTHLAAD.

Partial acetate kinasadk; 341 bp) and butyrate kinadauk: 446 bp) gene fragments
were PCR amplified using the akko_fwd and akko memers or the bkko_fwd and bkko_rev
primers, respectively. Following PCR, the fragnsemere cloned into the pTOPO-GWS8 cloning
vector (Invitrogen, Carlsbad, CA) per manufactgelirections. Following confirmation of
positive clones, the vectors containing #ak or buk fragment were digested witbral or Nsil,
respectively. A modified chloramphenicol markersvggenerated by PCR amplifying a 687 bp
region pLHKO with mod-CM/SDG-F and mod-CM/SDG-Rmars. This fragment was then
ligated intoBamHI andKasl digested pSOS94. The new chloroamphenicol-threnjzol
resistance gene was PCR amplified using primers§880fwd and pSOS94 _rev. The fragment
was ligated into th®ral or Nsil digested vectors described above to create pAlKK®

pBKKO, respectively.
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Strain or Plasmid

Relevant Characteristics

Source or Referefice

Bacterial Strains
C. acetobutylicum
M5
M5 AKKO
M5 BKKO
E. coli
Topl0
ER2275
Plasmids
pAN1
pSOS94
p94AAD3
pPTHLAAD®
pLHKO®
pGW8-TOPO

pSOL-
pSOL-ack-
pSOL-buk-

Crhy 3T | gene, p15A origin
acetone operoptb promoter)
aad, (ptb promoter)

thl, aad, (ptb promoter)

cm

pPSOS94-CMptbCni (pth promoter)

PAKKO
PBKKO

ack gene fragment, Chfptb promoter)
buk gene fragment, Chiptb promoter)

(ClaBennett et al. 1989)
This study
This study

Invitrogen

New England Biolabs

Mdrmelstein and Papoutsakis 1993)
Soucaille and ®apakis, unpublished
This study
This study
(Harris 2001)
Invitrogen
This stud
This study
This study

aCn, chloramphenicol/thiamphenicol resistance gettg;phosphotransbutyrylase gemed, alcohol/aldehyde dehydrogenase gehlethiolase

gene;adc, acetoacetate decarboxylase gewk; acetate kinase gerfaik, butyrate kinase gene.

PATCC, American Tissue Culture Collection, RockvilldD
‘contains the following: ampicillin resistance gemcrolide, lincosimide, and streptogramin B resise genesepl, pIM13 Gram-positive

origin of replication; ColE1 origin of replication

Table4.1 Bacterial strainsand plasmids used in this study.



Primer Name

Sequence (5-3")

Description

aad_fwd
aad_rev
thl_fwd

thl_rev

TTAGAAAGAAGTGTATATTTAT
AAACGACGGCCAGTGAAT
CCATATGT CGACGGAAAGGCTTCA
ACGCCTAGTACTGAATTCGCCTCA

aad forward primer
aad reverse primer
thl forward primer

thl reverse primer

mod-CM/SDG-FCCGGATCCACTTGAAT TTAAAAGGAGGGAACTTAGATGGT  Cm forward primer with

ATTTGAAAAAATTGAT

mod-CM/SDG-RCGCECCCCAGT TACAGACAAACCT GAAGT

pS0OS94_fwd
pS0OS94 rev
akko_fwd
akko_rev
bkko_fwd
bkko_rev

GGAATGCCGTGTGTGT TAGCCAAA
TCACACAGGAAACAGCTATGACCA
ATATATGGCGCCCCAGGACACAGAATCGT TCATGGT GG
ATATATGGCGCGECCCCCTAACTTTAGAACCTTCTGCAC
ATATATGGCGCGCCATCAATCCTGGCTCGACCTCAACT
ATATATGGECGCGCCCGT TGTACGCAATTCCGCCTGITA

modifed Shine Delgarno
Cm reverse primer
Cm and primer forward primer
Cm and primer reverse primer
ack fragment forward primer
ack fragment reverse primer
buk fragment forward primer

buk fragment reverse primer

Table4.2 Primersused in plasmid construction.
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All plasmids were transformed into Top 10 chertlyceompetentE. coli (Invitrogen).

Plasmids were confirmed by sequencing. The plasmi&te methylated usiri) coli ER2275
(pPAN1) to avoid the natural restriction systentofacetobutylicum (Mermelstein and
Papoutsakis 1993). Once methylated, the plasméis Wwansformed by electroporating the

acetobutylicum mutant M5 as described (Mermelstein, Welker e1892).

4.3 Results

4.3.1 Expression of aad using the ptb promoter for increased butanol production in strain

M5.

The asporogenous, non-solventogenic strain M5ns{@lark, Bennett et al. 1989) has
lost the megaplasmid pSOL1 that contains all theegeequired for solvent production
(Cornillot, Nair et al. 1997). The megaplasmid taams two independent bifunctional
aldehyde/alcohol dehydrogenases (AADHSs) capablerofing butanol from butyryl-CoA
(Nolling, Breton et al. 2001). The primary AADHrg® aad, is induced during batch cultures at
low pH (Nair, Bennett et al. 1994), while the set@ADH gene,adhE2, is induced in
alcohologenic cultures at near neutral pH (Fontditeynial-Salles et al. 2002). Both genes
were expressed in pSOL1-deficient backgrounds (&lair Papoutsakis 1994; Fontaine,
Meynial-Salles et al. 2002): both strains were @abie to produce about half the levels of
butanol that is typically produced by the WT straiaad expression in the pSOL1 deficient
background relied on the expression from the enulmge promoter. ExpressionaihE2
utilized thethl promoter, which has high, constitutive-like exgiea (Tummala, Welker et al.
1999), but was unable to achieve high butanolstité&ks solvent formation and the sporulation

process are co-regulated in the WT strain by a comtranscriptional regulator, SpoOA (Harris,
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Welker et al. 2002), it was thought that the ndtpramoter ofaad may not be sufficiently

induced in the asporogenous strain M5. Thus, #teral promoter odad was replaced with the
ptb promoter of thetb-buk operon (Fig. 4.1), which is expressed highly esdgdn the early
part of the fermentation (Tummala, Welker et aB9)9 Additionally, butyrate is the primary
product of the pSOL1 deficient strain M5 and angrpoter titration effects would be beneficial
for the reduction of butyrate formation, whose analation leads to premature growth
inhibition of the M5 strain. Strain M5(p94AAD3) wasnstructed to overexpreaad from the
ptb promoter. Butanol formation in test tube culturesfirmed the proper expression and
function of the AAD protein (M5 forms no butanolal). Controlled pH 5.0 fermentations were
carried out to characterize the strain (Table 4&)this pH, M5(p94AAD3) produced 92 mM
butanol which is less than typical levels of cad b&M produced in WT fermentations, but
higher than the 84 mM produced by M5(pCAAD), whetpresseaad from its endogenous
promoter. Acid production was also altered. Baiigrformation was reduced from 99 mM in
M5(pCAAD) to 72 mM in M5(p94AAD3), while acetatevels increased to 159 mM from 101
mM. The decreased butyrate formation could betdwither the titration effect of addition
plasmid copies of thptb promoter or from increased competition for buty@dA from AAD.
The increased acetate formation may reflect amrtdffothe cells to compensate for the loss of
ATP generation from the decreased butyrate formatia view of the fact that thatb promoter
and generally both butyrate and acetate formatieratiected by pH levels (Bahl 1982; Monot

1984), we next tested the impact of culture pH mdpct formation.



Fermentation characteristics

Strains
pH Maxgy Doubling Time Butanol Ethanol Aatt Butyrate
M5° 5.0 - 1.15 0 6 107 169
M5(pCAAD)° 5.0 - 1.59 84 8 101 99
M5(p94AAD3) 5.0 11.64 2.19 92 20 159 72
M5(p94AAD3) 55 12.81 1.82 140 36 222 73
M5(p94AAD3) 5.75 10.81 2.08 150 44 248 87
M5(p94AAD3) 6.0 9.23 8.9 138 34 256 144
M5(pTHLAAD) 5.5 8.90 B8 108 19 172 84
M5(pTHLAAD) 6.0 8.25 B8 77 17 814 196
M5 AKKO(p94AAD3) 55 7.58 2.25 92 22 180 75
AKKO(p94AAD3) 6.0 9.00 65, 51 21 791 287
M5° - 5.29 1.20 0 6 23 73
M5 AKKO® - 3.81 1.48 0 7 9 75
M5 BKKO® - 1.42 2.93 0 3 17 26

®Doubling time (hours), product concentrations dr@ in mM.
PResults from M5 and M5(pCAAD) are from a previotisdy (Nair and Papoutsakis 1994)
‘Results are from static flask experiments withdtitqontrol

Table 4.3 Final product concentrationsin pH controlled batch fermentations of C.

acetobutylicum M5 and recombinant strains.
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4.3.2 CulturepH profoundly impacts solvent production in M5(p94AAD3) with

maximal butanol titersat pH 5.75.

We investigated the impact of culture pH in corledlpH fermentations carried out at
pH 5.5, 5.75, and 6.0 (Fig. 4.2). Butanol titerpld 5.5, 5.75, and 6.0 were 140, 150, and 137
mM, respectively, significantly higher than the@®1 reached at pH 5.0. Interestingly, butanol
production was slightly decreased at pH 6.0, coedbinith dramatic increases in the levels of
acids produced. Acetate levels increased witheaging pH, reaching a maximum value of 256
mM at pH 6.0, compared to the 159 mM produced abgH Butyrate levels were fairly similar
between cultures maintained at pH 5.0 to 5.75nkatly doubled to 144 mM at pH 6.0. In order
to obtain insight into how pH had such profounckef§ on cell metabolism, we carried out

metabolic flux analysis, which we discuss next.

4.3.3 Metabolic flux analysis of M5(p94AAD?3) to assess theimpact of culture pH

At pH 5.0, glucose utilization, rGLY1, and the cension of pyruvate to acetyl-CoA, rGLY2, in
M5(p94AAD3) began very high, but quickly droppediear zero by hour 10 (Fig. 4.3). With
increased pH, M5(p94AAD3) exhibited a bimodal glseaitilization pattern, with high
utilization early and then again hour 10. Thisosetperiod of glucose utilization corresponds
with increased fluxes of butanol and acetate foiwnat The butanol formation flux reached its
maximal value at about hour 10 at pH 5.5 — 6.0etAie formation began high, but showed a
second large peak in its flux that overlaps with peak of the butanol flux. The butyrate
formation flux was also sustained longer with iragiag pH. The ethanol formation flux

followed similar trends as the butyrate formatituxfdisplaying a high initial flux, and a more
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Figure4.2 pH-controlled fermentations of M5(p94AAD3).

Product concentrations for the major metabolitesgnowth characteristics of the

M5(p94AAD3) fermentations at various fermentatidth yalues. pH 5.0 (closed squares), pH
5.5 (open triangles), pH 5.75 (closed circles), pH®b.0 (open diamonds) are shown. Time has
been normalized based on culture absorbance taactar variations in lag time of the cultures

(Asoo Of 1.0 occurs at hour 10).
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Figure 4.3 Metabolic flux analysis of M5(p94AAD3) at various fermentation pH settings
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diamonds) are shown. Time has been normalizedll@seulture absorbance to account for
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prolonged flux with increasing pH. The rTHL and¥B fluxes showed very similar patterns

to the glucose utilization fluxes, exhibiting higtitial values with a second peak apparent at pH
5.5 and above. The NADH from ferredoxin formatflux (rFDNH) displayed more complex
patterns, mostly bimodal but also some trimodaigpas. These patterns were evident for all pH
values and only approximately correspond to th&peathe butanol or ethanol-formation
fluxes, or the rHYD fluxes, thus suggesting unusisahplexity in the regulation of electron

flow.

4.3.4 Comparative analysis of M5(p94AAD3) and M5(pTHL AAD) fermentations shows
that thiolase over expression benefits butyrate plus butanol at the expense of acetate plus

ethanol formation but suppresses butanol production

At pH values below 6.0, butyrate concentratioraigly low in M5(p94AAD3) cultures
and only about half the butanol concentration. tAiseconcentrations however are the highest of
all metabolites in all pH values tested. We thxesneined ifthl overexpression might reduce
acetate formation. THL is the first enzyme in tla¢hpvay converting acetyl-CoA to butyryl-
CoA. Acetyl-CoA is the metabolite at the crititehnchpoint where it can be converted by
phosphotransacetylase (PTA) and acetate kinase t@®&getate, or by AAD to ethanol if not
converted to butyryl-CoA. Butyryl-CoA is convertameither butyrate by
phosphotransbutyrylase (PTB) and butyrate kinagg (B butanol by AAD. Increased
expression ofhl might increase the carbon flux from acetyl-CoAtayryl-CoA reducing the
formation of acetate and ethanol and increasingratg and butanol formatiorthl with its
natural promoter and tread gene with thetb promoter were combined on a single construct to

create the plasmid pTHLAAD.
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Fermentations of M5(pTHLAAD) were performed at pt3 and 6.0 based on the

performance of the M5(p94AAD3) strains. At pH SaBetate levels were reduced from 222 mM
in M5(p94AAD3) to 172 mM in strain M5(pTHLAAD) anethanol production was reduced

from 36 mM to 19 mM (Table 4.3). However, the loaak production of acetate and ethanol was
not accompanied by increased butanol formationtaml production decreased from 140 mM

to 108 mM, and butyrate increased from 73 mM tard4. At pH 6.0 acetate was reduced from
256 mM in M5(p94AAD3) to 148 mM in M5(pTHLAAD) anethanol was reduced from 34

mM to 17 mM. Butanol levels also decreased fro® &/ to 77 mM while butyrate

production increased from 144 mM to 196 mM.

Metabolic flux analysis shows glucose utilizatio®I(Y1), rGLY2 and rTHL are all
significantly higher (by 2-3 fold) early in the faentation of M5(pTHLAAD) compared to
M5(p94AAD3) at both pH values (Fig. 4.4). Mosttbé increased glucose utilization and
thiolase flux is manifested in butyrate formatiodicated by the higher initial fluxes of
rPTBBK. The butyrate formation flux in M5(pTHLAADJas roughly twice the initial flux in
M5(p94AAD3). This difference is most evident at fH when butyrate formation was
sustained the longest. rBUOH was induced mucleeat pH 5.5 in M5(pTHLAAD) than
M5(p94AAD3), but this was reversed at pH 6.0. Tuggests that even under fitb promoter,
AAD expression and/or activity are more pronounatekbwer pH, and thus able to compete
more effectively for butyryl-CoA for butanol vs. tywate formation. The butanol flux was
trimodal in strain M5(pTHLAAD) at pH 6, but lessgmrounced so at pH 5.5. The acetate fluxes
(rPTAAK) were overall lower in strain M5(pTHLAADRNd did not exhibit as pronounced a
multimodal pattern as the fluxes in the M5(p94AARB&RIN. As was the case in the

M5(p94AAD3) strain, the fluxes for acetate and botan M5(pTHLAAD) closely aligned with
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each other. The ethanol fluxes were consisteatet in strain M5(pTHLAAD) than in strain

M5(p94AAD3), thus suggesting that lower pools odtgt CoA due tahl overexpression (Fig.

1) penalize ethanol formation the most while enfrapbutanol and butyrate formation. The
rFDNH fluxes show distinct but difficult to intergtrpatterns: by carefully examining the areas
under the curves, the most significant observatidhat this flux remains mostly negative,
especially for M5(pTHLAAD) (compare against thexfés in Fig. 4.3). This means that NADH
is used to produce reduced ferredoxin and evegttillWe conclude thahl overexpression
benefits 4-C compound (butyrate + butanol) formraabthe expense of 2-C compound (acetate

+ ethanol) formation (Table 4), but results in suppression of butanol formation.

4.3.5 Can disruption of the ack and buk genesreduce acetate and butyrate for mation?

As efforts thus far were unable to reduce the faioneof acids byaad and/orthl
overexpression, gene knockouts (KOs) were usetkitdivate the acetate and butyrate formation
pathways separately. A non-replicative plasmidnoétwas used, utilizing a cloning vector
lacking an origin of replication fd€. acetobutylicum. As previous efforts utilizing antibiotic
resistance markers had limited success in gengrtihmutants, it was thought that by
increasing the expression of the antibiotic reastagenes might result in greater efficiency of
KO strain generation. Although antibiotic markérserythromycin and thiamphenicol
resistance have been used successfully with réjpigcaeloning vectors, these plasmid-borne
markers have multiple gene copies in each celllerdiiromosomal integrants would have only
one gene copy. To increase expression and traorslatthe thiamphenicol resistance gene, an
optimized Shine-Delgarno sequence (AGGAGG) repldbedndogenous sequence and the

gene was put under the control of the high expoeggb promoter. The thiamphenicol
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Figure4.4 Metabolic flux analysis of M5(p94AAD3) and M5(pTHLAAD).

M5(p94AAD3) fluxes are shown as open symbols abdH(triangles) and 6.0
(diamonds). M5(pTHLAAD) fluxes are shown as grggnbols at pH 5.5 (triangles) and 6.0
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resistance marker was used for compatibility whih dther plasmids used in this study. The

transformants were initially screened using colB@R. After the confirmation of the genomic
integration, one clone (M5 AKKO) for theek disruption and one (M5 BKKO) for tHauk
disruption were chosen for further study. GenobBiWA was isolated from each strain and the
chromosomal locus spanning the genomic integratios upstream and downstream sequences
were PCR amplified and sequenced. The sequenatiagcdnfirmed the expected single
crossover event that has previously been obseritbdsimilar methods (Green, Boynton et al.
1996). The schematic of the genomic crossoveltlamdequencing data are shown in Appendix
A.

The growth and metabolic profiles of M5 AKKO andbMBKKO strains were compared
against the parental M5 strain in 200 mL flask s without pH control (Fig. 4.5). The
growth rates of the M5 and the M5 AKKO strains weigly similar with doubling times of 1.20
and 1.48 hours, respectively. M5 BKKO displayettamatic growth inhibition, with a doubling
time of 2.93 hours, which makes it nearly 2.5 tirakesver than the M5 and twice slower than
the M5 AKKO strain. Product formation was altemnedboth recombinant strains compared to
the parental strain, largely as would be expectetetate production was reduced by > 60%
from 23 mM in M5 to just 9 mM in M5 AKKO. Butyrateroduction in the M5 and M5 AKKO
strains was virtually the same at 73 mM and 76 mddpectively. Butyrate was produced at
very low levels in the M5 BKKO strain, reaching aximum of 26 mM after 75 hours of
growth. This is a reduction of 64% compared with.MAcetate production was also reduced in
M5 BKKO, reaching a final value of 17 mM. This &vs more than the M5 AKKO could
produce suggesting that the acetate pathway isrikgsted than the butyrate pathway in M5

BKKO.
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Figure4.5 Growth profilesand product analysisof M5 AKKO, M5 BKKO, and M5

Growth profiles and acetate and butyrate produdtiastatic flask cultures without pH control.
M5 (closed squares), M5 AKKO (open circles), and BKKO (open triangles). Results shown
are averages of two experiments. Error bars shevstandard deviation between experiments.
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Both the M5 AKKO and M5 BKKO could still producevidevels of the acids targeted

by the genomic disruptions. This has been obsarvether clostridia mutants involving the
inactivation of the acid formation pathways wheaggliel and analogous pathways (e.g., acetate
and butyrate) exist (Green, Boynton et al. 1996),4tu et al. 2005; Liu, Zhu et al. 2006). The
formation of the product in the inactivated pathvuagttributed to the cross reactivity of the

enzymes in the alternate pathway.

4.3.6 Overexpression of aad in the M5 AKK O strain: antibiotics and pH impact product

formation, but butanol formation remains severely inhibited

Following the successful inactivation and charaz#tion of theack andbuk genes in the
M5 strain, we aimed to transform the two KO straanth theaad overexpression plasmid
p94AAD3. The goal was to examine the combinedceit® AAD overexpression with the
downregulation of either the acetate or butyratenfiion pathways. Despite repeated attempts
to transform the M5 BKKO strain with p94AAD3, natisformants could be isolated. This is
likely due to the very low growth rate achievedtbgse cells; it is also possible that Hu&
inactivation may impact the competence of the c€lbrrect transformants containing p94AAD3
were however isolated from the M5 AKKO strain.

Initial results from tube cultures without pH caitthat used both erythromycin and
thiamphenicol for strain maintenance showed thatage uptake was inhibited and suggested
that the cells could not grow well when using nplétiantibiotics. In an earlier study (Harris,
Blank et al. 2001), it had been determined thaufeof tetracycline drastically inhibits solvent
formation inC. acetobutylicum, but the effect of simultaneous usage of thiamygotand

erythromycin has not been examined. In order $essthe impact of antibiotic usage on
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butanol production, cultures were first inoculaiethe presence of both thiamphenicol and

erythromycin and then diluted 100-fold into mediiaining either both thiamphenicol and
erythromycin, thiamphenicol alone, erythromycinrepor no antibiotic. The thiamphenicol
resistance gene is integrated into the genomemdisgitheack gene, while the erythromycin is
used for the plasmid maintenance dad overexpression.

Cultures produced the highest level of butanol wipenvn with erythromycin and nearly
as much was produced when both antibiotics were (i5g. 4.6). When no antibiotic or
thiamphenicol alone was used, the cells producedilatanol levels and increased levels of
butyrate. These results indicate that erythromigimeeded to maintain the plasmid and ensure
high butanol production, while the dual antibiatgage has a small inhibitory effect on butanol
formation. In subsequent pH-controlled fermentataperiments, clarithromycin only was used
for plasmid maintenance (clarithromycin is a pHoktaderivative of erythromycin). Genomic
integrations of this type have been previouslyistidnd have been shown to be stable (Green,
Boynton et al. 1996).

Product formation by M5 AKKO(p94AAD3) in pH 5.5 aldd fermentations is
summarized in Table 4.3. Corresponding data fairsM5(p94AAD3) are shown in order to
comparatively assess the impactadl overexpression withck inactivation. At pH 5.5, acetate
production was reduced from 222 mM in M5 (p94AARSY180 mM in M5 AKKO(p94AAD3),
but unexpectedly butanol production was also sicgmitly reduced from 140 mM to 92 mM.
Butyrate production was only slightly increasedird3 mM in M5 (p94AAD3) to 75 mM in
M5 AKKO(p94AAD3). Changes in product formation wenore dramatic at pH 6.0. Final

acetate levels were reduced from 256 mM to 179 rButanol production was reduced from
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138 mM to just 51 mM. The most extreme productt stvs the final butyrate concentrations.

In M5(p94AAD3), butyrate is produced at 144 mM wehih M5 AKKO(p94AAD3) butyrate
wass doubled to 287 mM, the highest levels eveemiesl in this organism. The shift in acid
products can be seen clearly by comparing the ohiaxetate versus butyrate produced. At pH
5.5, M5(p94AAD3) had an acetate to butyrate rati®.05, whereas strain M5
AKKO(p94AAD3) exhibited a reduced ratio of 2.40t pH 6.0, M5(p94AAD3) displayed an
acetate to butyrate ratio of 1.78, but this wasiced by two-thirds to 0.62 in M5
AKKO(p94AAD3).

Metabolic flux analysis was also performed to deiaee differences between M5
AKKO(p94AAD3) and M5(p94AAD3). Glucose utilizatiomas increased early in the M5
AKKO(p94AAD3) compared to M5(p94AAD3) (Fig 4.7).eBk butanol formation occurred
earlier in M5 AKKO(p94AAD3) than in M5(p94AAD?3), flecting the impact oéck
deactivation presumably leading. Correspondingnéddw butanol flux at pH 6.0 in M5
AKKO(p94AAD3), the butyrate formation flux was ireased dramatically and was sustained at
high levels much longer than in M5(p94AAD3). Theotase flux showed a small induction in
M5 AKKO(p94AAD3) at pH 6.0, primarily due to therige increase in butyrate formation flux
compared to M5(p94AAD3). Once again, the acetat@tion flux aligned with the butanol
formation flux. Ethanol formation was significanteduced in strain M5 AKKO(p94AAD3)
despite the reduction in acetate formation, whidghtnhave anticipated a compensatory ethanol
formation. There are also important differenceslectron flow: for example, at pH 6, M5
AKKO(p94AAD3) displayed much higher levels of theé¥D flux and all negative values for

the rFDNH flux (formation of reduced ferredoxinimndNADH), which means all electrons were



90

rGLY1 rGLY2 rETOH

rBUOH rPTAAK rPTBBK

Specificin vivo flux (mM A5t hrt)

Normalized Time (hrs)

Figure4.7 Metabolic flux analysis of M5(p94AAD3) and M5 AKKO(p94AAD?3)
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(diamonds). M5 AKKO(p94AAD3) fluxes are shown aaygsymbols at pH 5.5 (triangles) and
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shuffled to H production rather than butanol/ethanol formatiearelate in culture, and this is

an extreme pattern never previously observed, aslascompanied by extremely high levels of
butyrate formation. It appears that M5 AKKO(p94AAD&Nnnot effectively utilize NADH for
alcohol formation, it thus uses butyrate formatiominimize NADH generation, and still
produces substantial levels of td balance the electron flow. It appears as iéogilasmid-

coded proteins are necessary for making possibleeheficial use of reduction energy to

produce butanol and ethanol.

4.4 Discussion

In this study we were able to achieve WT levelbuhnol production without acetone
production in a non-sporulating culture by expnegsiad from theptb promoter. It has been
suggested that this level of butanol productiothenpSOL1 deficient background was unlikely
due to the inability of the strains to reassimilat&l products (Fontaine, Meynial-Salles et al.
2002). Reassimilation of acid products would ree butyryl-CoA pools within the cell for
butanol production. We have shown here that byipudating the genetic regulation a&d by
replacing the natural promoter with thid promoter that WT levels can be achieved without
acid re-assimilation. It has also been thoughttteapSOL1 deficient strains may be more
sensitive to butanol than the WT sporulating stradnprevious study has shown that #pe0A
overexpressing. acetobutylicum strain enters sporulation earlier than the WTist@ad that
this early sporulation may explain its enhancedbal tolerance (Alsaker, Spitzer et al. 2004).
Sporulating cultures were thought to be more toleta solvents than non-sporulating cultures
perhaps due to unknown genes on the pSOL1 plagroitdine, Meynial-Salles et al. 2002).

We have shown here that M5 derivative strains weteonly able to withstand WT levels of
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butanol, but were also subjected to elevated leMdbaityrate suggesting that tolerance of

these strain is comparable to their sporulatinghtenparts.

As these strains are unable to reassimilate aaigls,levels of acids were produced. In
one strategy, high acetate production was countesidjthl overexpression combined with the
aad overexpression. The strain overexpressing tiwtandaad did produce less acetate than the
strain overexpressicgmd alone and produced a higher ratio of four-carbmupcts (butanol and
butyrate) to two-carbon products (ethanol and aegthut less butanol was produced and higher
concentrations of butyrate were formed. In a sdairategy, the acetate kinase and butyrate
kinase genes were inactivated using homologousmit@tion via a non-replicating plasmid.
Both of these strains successfully reduced theymtofdrmation of the targeted pathway, but the
inactivation of the butyrate kinase resulted irranaatic inhibition of growth that has blocked
further genetic manipulations. Earlier studiesevemable to achievekmk disruption in the
pSOL1 deficient strain DG1, and it was thus suggesitat a mutant producing only acetate
would not be viable (Gonzalez-Pajuelo, Meynial-&akt al. 2005). Here we have creatédla
disruption mutant, but the strain produced low batiy levels and had a very low growth rate.

The acetate kinase mutant M5 AKKO was successtaigplemented witlaad
overexpression and acetate levels were reducdusistrain, although this was accompanied by
a reduction in butanol formation as well. Thisstrhad a significant shift in the ratio of acetate
to butyrate produced, particularly at higher pHve@ll, thl overexpression and inactivation of
acetate kinase resulted in the production of hi¢gnezls of butyrate and lower levels of acetate.
This shift in acid production has also been accangubby lower butanol titers.

The slow growth rate of the butyrate kinase musaigigests that M5 primarily balances

NADH formation/use by producing butyrate (Fig. 4. Ihe alternate route for NADH oxidation
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is the reduction of ferredoxin ultimately leadirghtydrogen production (Fig. 4.1). This

alternate route of NADH oxidation has been suggkeagesthermodynamically unfavorable
(Gonzalez-Pajuelo, Meynial-Salles et al. 2005) relHevhile the rFDNH and rHYD appear
overall operational (Figs. 4.3, 4.4 and 4.7), thdgrns of the rFDNH flux are very different
(mostly negative) than in strains based on the \8DIpl-containing genetic background
(Chapter 3). This suggests that this pathway #DN utilization to form H cannot be
increased to compensate for the lack of butyratadtion.

The introduction of thaad gene into the M5 strain adds still another rooteNADH
oxidation. During cellular metabolism, the convensof pyruvate to acetyl-CoA results in the
reduction of ferredoxin, which must then be oxidizéf during metabolism ferredoxin is
oxidized to generate Hacetate formation would result in an excess amouUNADH, while
butanol production would result in an NADH deficih the WT strain, kproduction decreases
relatively early in the fermentation and thus sujosatly NADH can be produced from the
oxidation of reduced ferredoxin (Fig. 4.1). Thesaction can provide the NADH necessary for
solventogenesis. Here, it was observed that bupaoduction is correlated with acetate
production in several recombinant strains in thedédBetic background. It seems the FDNH
flux is tightly regulated and the NADH necessaryatanol production must come from
additional acetate production. This once againliggts the difficulty the M5 strain has in
manipulating NADH generation/consumption to achitheenecessary electron balance. Unlike
the parent, WT 824 strain, the reactions necessaghieve the electron balance in the cells
appear to be stiff, resisting the changes necessaghieve an electron balance as necessitated
by genetically imposed changes on the metaboliovag, such as the elimination of butyrate

formation.
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This suggests that the pSOL1 megaplasmid carriege ggne or genes of importance

to making the electron flow flexible and easy asciturs in the WT 824 strain, which contains
the pSOL1 megaplasmid. There are several oxidotade genes residing on pSOL1, and these
may be involved in this reaction. Alternativelylaage number of genes encoding transcription
factors and DNA binding proteins also reside on pE@nd these may be involved in the
regulation of the electron flow. Another notewgrtibservation that supports the important role
of other pSOLL1 genes in providing product-formatamd electron-balance flexibility is that
when the pPTBAAD plasmid (which is identical to f@AAD3 plasmid) is used to
overexpressedad in the WT 824 strain, large quantities of ethaarel formed in addition to
butanol resulting in abnormally high ethanol/bufaiatios (Sillers, Al-Hanai et al.). This does
not happen however in the M5 strain uaa overexpression from the same plasmid. Further
efforts to increase butanol production should fomushe identification of the gene or genes

involved in this complex regulation of electronvilan the M5 genetic background.
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CHAPTER 5: THE CLOSTRIDIUM ACETOBUTYLICUM TWO-
COMPONENT SYSTEM CODED BY CAC0653 AND CACO0654

REGULATES THE PROGRESSION OF SPORULATION

5.1 Introduction

Bacteria thrive in a variety of environments angiéhdeveloped complex signaling
pathways to coordinate adaptive responses to ah@mginditions. The most common manner
for signal recognition and cellular response istigh a two-component system (Hoch 2000),
comprised of a sensor histidine kinase and a resspaggulator. Histidine kinases (HKs) contain
an input domain and a transmitter domain (Rodrigiua. 2000). The input domain is
responsible for recognizing and binding the envimental stimulus and varies considerably
among HKs. The transmitter domain, however, isilyigonserved and this region contains the
phosphorylatable histidine residue making the idieation of HKs possible (Fabret et al. 1999).
Once the signal is received the phosphate is gamesf from the transmitter domain of the HK to
the receiver domain of the response regulator (RIR)s phosphate addition presumably alters
the conformation of the protein allowing DNA bindiand the induction or repression of its
target genes.

Bacterial two-component systems have been reviénvseveral organisms (Fabret et al.
1999; Mizuno 1997; Mizuno et al. 1996; Rodrigualef000; Wang et al. 2002). More complex

sensory systems involve multiple proteins acting phosphorelay, such as the initiation of
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sporulation in bacilli (Burbulys et al. 1991). Likacilli, clostridia are also Gram-positive

sporulating organisms, but are anaerobic and ocaugifferent environmental niche than bacilli.
While many components of sporulation downstreatmefphosphorelay are conserved in both
clostridia and bacilli, none of the componentshaf bacilli phosphorelay are recognizable in
clostridia (Paredes et al. 2005). Recent transerigl profiling experiments of.

acetobutylicum using microarrays (Alsaker and Papoutsakis 200&gké®r et al. 2004; Jones et
al. 2008; Tomas et al. 2003a) have produced sagmfiinformation regarding its differentiation
programs, yet little is known regarding the entrpiand the regulation of sporulation and the
characteristic stationary phase phenomenon of sojyeduction. Genomic analysis ©f
acetobutylicum has identified 28 two-component systems ((Dur@52)0) but only threekpdDE,
phoPR, andagrAC) have been annotated and two systems have be#adtincluding the
kpdDE system (Behrens and Durre 2000; Treuner-Langé &097) and the PhoP/R system
(Fiedler et al. 2008).

Two recent DNA-microarray-based analyses have géeetranscriptional data for all
histidine kinases and two-component systents. iacetobutylicum (Alsaker and Papoutsakis
2005; Jones et al. 2008), and such data are ugetiéntifying potential candidate regulators of
sporulation (Paredes et al. 2005). Among the ngam histidine kinases (Paredes et al. 2005),
the expression profile of CAC0653/CAC0654 coincidéth the pattern of several other
regulatory genes of early sporulation, and sugghatsthis two-component system may be
involved in the regulation of either the processaivent formation or sporulation (Alsaker and
Papoutsakis 2005). In this study, we have examinegotential role of this two-component

system coded by CAC0653(RR) and CAC0654(HK) ondation and solventogenesis.
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5.2 Materialsand methods

5.2.1 Bacterial strains

Bacterial strains and plasmids used in this saudylisted in Table 5.1.

5.2.2 Strain construction

To produce the asRNA cassette for the downreguiati CAC0654, complementary 80
base pair oligonucleotides (IDT, Coralville, 1A) reedesigned to include the ribosome-binding
site of CAC0654 and 60 base pairs of downstreanngazkequence of the CAC0654 gene with
BamHI andKasl overhangs according to a previously describechowe{Desai and Papoutsakis
1999). The nucleotide sequences are shown in Fabléne microgram of each
oligonucleotide was added to a 1X SSC solutiordipl2and incubated at 98 for 10 minutes
and then allowed to cool to room temperature f@& lbour to anneal. pSOS95, a high expression
clostridial vector utilizing the thiolase promot{@iummala et al. 1999), was digested with
BamHI andKasl and the large fragment was gel-band isolatede arimealed oligonucleotide
was ligated in an antisense orientation into thgdg@S0OS95 fragment to produce p654as.
PT6534 was constructed by amplifying the two ggpenaeading frame using primers 653_fwd
and 654 rev. Following digestion wiBamHI andKasl the fragment was ligated into the
digested pSOS95del. The plasmids were confirmed)sequence analysis before methylation
usingE. coli (pPAN1) (Mermelstein and Papoutsakis 1993) to owere the restriction of this
organism. C. acetobutylicum was transformed with the methylated plasmid bgtebporation as

previously described (Mermelstein et al. 1992).
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Strain or Plasmid Relevant CharacteriStics Source or Referefice

Bacterial Strains

C. acetobutylicum ATCC
E. coli

Topl0 Invitrogen

ER2275 New England Biolabs

Plasmids

pAN1 Crhy ®3T | gene, p15A origin (Mezlstein and Papoutsakis 1993)
pSOS9% acetone operoth( promoter) Soucaille and ®apakis, unpublished
pSOS95dél thl promoter (Tummala et2803a)
p654as 654 asRNAthl promoter) This study
pT6534 CAC0653 and CAC0654h{ promoter) Flstudy

4, chloramphenicol/thiamphenicol resistance getie;phosphotransbutyrylase gemagd, alcohol/aldehyde dehydrogenase gehlethiolase
gene;adc, acetoacetate decarboxylase gewk; acetate kinase gerfajk, butyrate kinase gene.

PATCC, American Tissue Culture Collection, RockvillD

‘contains the following: ampicillin resistance gemgcrolide, lincosimide, and streptogramin B resise generepl, pIM13 Gram-positive

origin of replication; ColE1 origin of replication

Table5.1 Bacterial strainsand plasmids used in this study.



Primer Name

Sequence (5’-3")

Description

654astop

654asbot

653_fwd

654 rev

sigF_fwd
sigF_rev
sigE_fwd
SigE_rev
sigG_fwd
sigG_rev
sigkK_fwd
sigK_rev
abrB_fwd

abrB_rev

GATCTAATTAAAGCTATAGI CAACATACTATAAAGTAGAGCG 654 asRNA top
ATCCTACTCTTTATCTTCAGCATAGCCTATACCCCTTAGC oligonucleotide
GCTAAGGGGTATAGCCTATGCTGAAGATAAAGAGT AGGAT 654 asRNA top
CCCTCTACTTTATAGTATGI TGTCTATAGCTTTAATTAGATC oligonucleotide

GATCCAGGATGGTGTAAAATGCATTTGC
CTAATATTTTCTCGAAGATAAGCECGCC
AGGTTGTATGGGACTCGTAAAGEC
CCCATAATCATAGGAACAGCATAGGT
TAGACTGGGATGGAAACAAGCTCGC
AGCTGITTATCAACCTCTCCTTCT
GGAATGGAAACACAACTGCCAGAG
AGCCCTATACACCCAACCTGAA
CCATAGGCACCATAGGCCTTATAAAGG
GCAGCATAGGT TGCAAGTCTAGTACC
CCCTTTAGAAATTTATGTAGATGGTGAGC
TGATAACATCGCTTGCATCTCCGC

CACO0653 forward primer

CACO0654 reverse primer
sigF RTPCR forward primer
sigF RTPCR reverse primer
SigE RTPCR forward primer
SigE RTPCR reverse primer
sigG RTPCR forward primer
sigG RTPCR reverse primer
sigKk RTPCR forward primer
sigk RTPCR reverse primer
abrB RTPCR forward primer
abrB RTPCR reverse primer

Table5.2 Primersused in thisstudy
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5.2.3 Crudecdl extracts

Cell pellets of 2-10 mL were collected and wash&tl aterile water and stored at <€5until
purification. For purification, cell pellets weresuspended in 150 of SDS gel loading buffer
(50 mM Tris pH 6.8, 2% SDS, 10% glycerol, ¥4nercaptoethanol) and boiled for three
minutes. Samples are spun at 16,000 rpm for tieates and the supernatant collected and
stored at -85C until use. Protein samples are quantitated usiRE¢ DC protein assay kit

(Biorad).

5.2.4 Western blot analysis

25 ug of total protein was separated per lane in a BB&E (12% polyacrylamide, 4%
stacking) Ready Gel (Biorad). MagicMark XP (Inegen, Carlsbad, CA) was used as a protein
standard. Proteins were transferred to a PVDF mamebovernight. Membranes were blocked
with Tris-buffered saline plus Tween 20 (TBST) a&%d ECL blocking agerfd@mersham
Biosciences, Piscataway, NJ) before hybridizafidre blockednembrane was incubated with
rabbit anti-CAC0654 polyclonal antiserum at 1:1@iOtion. Goat anti-rabbilmmunoglobulin
conjugatedvith horseradish peroxidase (1:10,000 dilution) wssd as secondary antibody
(Sigma, St. Louis, MOn TBST-4% ECL blocking agent. The conjugated amdies were
fluorescently reacted with an ECL+ kit (Amershano®iiencesand detected with a Storm 860
Imager (Molecular Dynamics, Sunnyval). ImageQuant version 5.0 (Molecular Dynamics)

was used teiew and quantify Western blots.
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5.2.5 Antibody Generation

The full coding sequence of CAC0653 and a truncptetion excluding the
transmembrane domain of CAC0654 (amino acids 25)-&were PCR amplified. The PCR
products were sent to Protein Tech Inc. (Chicalgpfdr protein expression and raising of the

rabbit antibodies. Final production bleeds weredus all Western blots.

5.2.6 Microscopy

For phase contrast microscopy, cells were collebtecentrifugation and resuspended
10-100 fold in a 1% NaCl solution. Cells were stbat 4C until imaged. 1-2L was placed on
a microscope slide and imaged using a Leica wiltkfirecroscope with phase contrast lens at
1000X magnification. For electron microscopy, séapvere fixed by addition of 16%
paraformaldehyde and 8% glutaraldehyde to the mutedium for a final concentration of 2%
paraformaldehyde and 2% glutaraldehyde. Cultures Wixeed for 1 h at room temperature,
pelleted and resuspended in buffer. Samples webedded and analyzed as previously

described (Jones et al. 2008).

5.2.7 cDNA probe synthesisand labeling for microarray analysis

Random hexamer primed reverse transcription reagtising Superscript Il (Invitrogen)
reverse transcriptase with aminoallyl dUTP weredusepreviously described (Alsaker, Paredes
et al. 2005). Reactions were purified using Malip YM-30 columns and dried in a rotary
SpeedVac. cDNA samples were resuspended ipnl4ds 0.1 M sodium bicarbonate buffer pH
9.0 and incubated at room temperature in the darkrie hour with Cy3 or Cy5 dye
(Amersham). Samples were purified on a Qiagen @ekdPCR purification column. Samples

were stored at -2C.
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5.2.8 Microarray hybridizations and analysis

cDNA probes were mixed together, dried in a ro@pgedVac and resuspended in
Pronto Universal Hybridization Solution. Sampleseviybridized to the microarray and
incubated for 16 hours at 42 as previously described (Alsaker, Paredes €08b).
Microarrays were scanned using a G2656BA Agilemn®er and quantitated using GenePix Pro
software version 5.0 (Molecular Devices, Sunnyv@l&). Microarrays were normalized using a
segmental nearest neighbor logarithmic expressitio of the mean (Yang, Haddad et al. 2003)
using 200 genes per interval, 25 intervals, andrarga factor of 2.0. Hierarchical clustering is

performed and visualized using MEV (Saeed, SharaV. 2003).

5.2.9 Assignment of C. acetobutylicum homologsto B. subtilis genes

The putative set of homologous genes betviRexbtilis andC. acetobutylicum was
determined using a best-best BLASTP search (BriiggenBaumer et al. 2003). Briefly, for
each knowrB. subtilis gene a BLASTP (Altschul, Madden et al. 1997) deagainst the
Clostridium acetobutylicum genome was carried out and the best scairagetobutylicum gene
was used as query for &BLASTP search against tiBe subtilis genome. If the best scoriiiy
subtilis gene from this ' search and the originBl subtilis gene were the same and they share
more than 30% amino acid identity over more tha¥h @® the length of both genes
(Briiggemann, Baumer et al. 2003), we assumedHb& subtilis and theC. acetobutylicum

genes were homologs. The complete list of homghaes is available in Appendix B.

5.2.10 Identification of putative regulonsfor SpoOA, 6", 6", 6%, 6%, and 6"

The regulons of the sporulation specific sigmadecand Spo0OA have been reported for

B. subtilis (Britton, Eichenberger et al. 2002; Eichenbergensen et al. 2003; Molle, Fujita et
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al. 2003; Eichenberger, Fujita et al. 2004; St@rano et al. 2005; Wang, Setlow et al.

2006) however, similar in depth studies are notlalbke for any clostridia. Following our
previous mapping of the sporulation cascad€.iacetobutylicum (Paredes et al. Nat Rev Micr.
2005) we have combined tBesubtilis regulons of the sporulation specific sigma factord
Spo0A, with theC. acetobutylicum’s annotation paper (N6lling, Breton et al. 2001)rfer the
putative sporulation regulons @ acetobutylicum. For those genes not identifiedEssubtilis
homologs in the&C. acetobutylicum’'s annotationhomologs were identified using the double

BLAST explained before. The inferred sporulatioguiens are available in Appendix C.

5.2.11 Similarity searchesfor the CAC0653/CAC0654 pair using the KEGG database

(http://www.genome.j p/kegq).

The KEGG SSDB (Sequence Similarity DataBase) costaiformation about amino
acid sequence similarity among all protein-codiegeas in completed genomes. All possible
pairwise genome comparisons are performed by tlAREH program

(http://www.biology.wustl.edu/gcg/ssearch.hinand gene pairs with a Smith-Waterman

similarity score of 100 or more are entered in SSt@Bether with information about best hits
and bidirectional best hits (best-best hits). W&t Bearched the KEGG SSDB for either
CACO0653 or CAC0654 to identify potentially consatvgene clusters

http://www.genome.jp/keqa/ssdbCAC0653 (or CAC0654) and its best-best hits were

considered as an initial cluster. Neighboring gemeboth sides of the chromosome were
included in the cluster as long as they were a¢ést-best hits. Gapped genes were included in

the cluster if they were forward best hits.
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5.3 Reaults

5.3.1 Expression profile of CAC0653 and CACO0654 in the wildtype (WT) C. acetobutylicum

ATCC 824 strain

Computational predictions indicate that CAC0653 @AdC0654 are organized in a
putative bicistronic operon flanked by rho-indepemidterminators upstream of CAC0653 and
downstream of CAC0654 (Paredes et al. 2004). Exatioin of the expression profile of
CAC0653 and CAC0654 in the WT strain shows thaitridection of this two-component
system is closely associated with induction of genregjuired for sporulation and solvent
production (Fig 5.1). The timing of CAC0653 and ©C2654 expression suggests that the two-
component system may be involved in sensing arr@mviental signal that regulates entry into
the sporulation program and/or the production dfesds. The histidine kinase CAC0654 is a

putative membrane-bound protein containing twosma@mbrane domains (Doss et al. 2005).

5.3.2 Functional analysis of CAC0653/654 system

We first aimed to construct deletion mutants f@& tWwo genes using a method which
successfully inactivated genestine C. acetobutylicum M5 strain (Sillers et al. 2008). Briefly, a
new antibiotic selection marker was constructed autiizes the high expression of tpth
promoter to generate higher antibiotic resistaremgegexpression to aid the viability and
selection of integrational mutants. Despite thexess of this method in the M5 strain (Sillers et
al. 2008), no mutants could be isolated for eitherCAC0653 or the CAC0654 gene using this
approach. A replicative plasmid approach that suasessful in the generation of tpe0A
knockout strain (Harris et al. 2002) was also erygdh but still no mutants could be isolated. A

third new method that proved successful in inatitiggseveral sigma factors in the WT strain
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Jones et al. Alsaker and Papoutsakis
Time Time

Solventogenic Genes
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CAP0162-aad
CAPO0163-ctfA
CAPO0164-ctfB
CAPQO165-adc
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CAC2071-spo0A
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Figure 5.1 Expression profiles of solventogenic genes, sporulation genes, and the

CACO0653/CACO0654 two component system in the C. acetobutylicum wild-type strain.

Colorimetric expression profiles are shown fromearlier microarray study (Alsaker and
Papoutsakis 2005) and a recent microarray studweglet al. 2008) . Expression ratios are
shown relative to the first timepoint of each stadyour 6. The induction of genes required for
solvent formation and those related to the earbywdption program are shown to correlate with
the induction of the CAC0653/CAC0654 two comporsydtem. The timepoints in each study

are from hour 6, 7, 8, 9, 10, 12, 14, 16, and 18auh set of experiments.
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(data not shown) also proved unsuccessful. Thedaskiccess using these methods points to

two possibilities: one, that the CAC0653 and CACDB80 component system is necessary for
cell survival, or two, that the inactivation metisatkeveloped thus far are not effective in
inactivating all gene targets. As deletion mutaisid not be isolated, we utilized an asRNA
approach that although is not as definitive asakaut, has shown high utility in the
downregulation of several target gene€iracetobutylicum (Desai and Papoutsakis 1999;
Scotcher and Bennett 2005; Tummala et al. 2003tjetisas in other clostridia (Carter et al.
2005; Raju et al. 2007). Gene knockdown (KD) usiAI is also widely used in mammalian
systems where gene deletions are very difficutie Mistidine kinase CAC0654 was targeted
using asRNA as response regulator domains tend baghly conserved, while sensory domains
of histidine kinases show greater variation (Fabtetl. 1999). Furthermore, the CAC0653 and
CACO0654 operon was overexpressed to test the ingbawtreased levels of the two-component
system on the cells.

The 824(pT6534) strain overexpressing CAC0653 aA@ @54 was utilized to confirm
the overexpression and size of the respective ipoby Western analysis (Fig 5.2). Antibodies
against a truncated version of the CAC0654 pro&icluding the transmembrane domain, were
raised and used for Western analysis. Antibodie®wenerated against the full protein of the
response regulator coded by CAC0653. When thededfedach protein in the overexpression
strain were compared to the plasmid control sti@24,(pSOS95del), the protein levels in the
overexpression strain were readily identifiablég, tat always so in the 824(pS0OS95del) control
strain (Fig. 5.2A). Four biological replicates wemalyzed for expression of the CAC0654 and
two for the CAC0653 comparing the overexpressionfrol and asRNA strains. In only one

experiment comparing the control strain to the a8RMNain was the protein level corresponding
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Figure5.2 Western analysis of strains 824(p654as), 824(pSOS95del), and 824(pT 6534).
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25 ug of crude protein was loaded per sample from thneepoints, 1, 2 and 3, corresponding to

exponential, transitional and stationary phaseeaetsvely, of the cultures, A. Western blot of

CACO0654 comparing protein abundance in crude praeiracts from 824(pT6534) and

824(pS0OS95del). The arrow indicates the CACO65#Ibahe CAC0654 bands are very faint in

strain 824(pS0OS95del). B. Western blot compardddAC0654 protein levels in 824(p654as)

compared to 824(pSOS95del). C. Western blot cosgraof CAC0653 protein levels in

824(pT6534) compared to 824(pSOS95del). The CAGW@Hds are very faint in strain

824(pSOS95del).
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to CAC0654 detectible (Fig. 5.2B). Although nodoay control system is available in this

organism (there exist very few antibodies agahsicetobutylicum proteins), assuming accurate
protein quantification, in the case of Fig. 5.2 KD extent in the levels of the CAC0654
protein was between 50 and 80%; such KD levelgamsistent with previously reported asRNA
KD of various proteins (Tummala et al. 2003b). Altlgh gene expression of this two-
component system could be reproducibly quantifigdhicroarray analysis (Fig. 5.1), when
Northern blots were utilized to determine the lesfeCAC0654 downregulation, only very faint
bands could be observed above background and noulae reliably and reproducibly
guantitated with such low intensities (generallgridern blot analysis is not very sensitive for
low abundance transcripts in this organism). Tlaegkthe Western-analysis data suggest that
this two-component system is expressed at low seaetl that the corresponding proteins are in
low abundance in the cells.

Despite the lack of definitive validation of theR$A strain, a very reliable phenotype
was always observed that resulted in a dramatiredse of solvent production, as is detailed

below.

5.3.3 Knockdown of CAC0654 alters cellular mor phology and acceler ates spor ulation

while over expression of CAC0653 and CAC0654 appearsto delay sporulation

Static-flask cultures of the 824(p654as), 824(p%d 824(pSOS95del) were
compared using phase contrast microscopy overay4eriod to assess the impact of
upregulation and downregulation of CAC0653 and/AC0654 proteins on the sporulation
program. During the early stages of growth ofdbls (less than two days), dramatic

differences between the strains became apparent§B). In the CAC0654 asRNA strain,
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Figure 5.3 Phase-contrast microscopy analysis of strains 824(p654as) , 824(pSOS95dédl),

and 824(pT6534).

Samples from 824(p654as), 824(pSOS95del), and 8B&@1) were taken throughout a 4-day
period of the cultures and visualized using phasgrast microscopy at 1000X magnification.

Samples earlier than 48 hours are enlarged to sliftevences at the cellular level.
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824(p654as), transparent polar bodies became &igitihe majority of the largely elongated

cells beginning at 18 hours and continuing untilhiaurs 36. Such morphology was observed
much less frequently in the control and overexpoesstrains. At ca. 60 hours, in the
824(p654as) strain, we observed a good frequenphadse-bright cells indicative of cells
containing mature endospores and by 60 hours pees were observed, 12-24 hours earlier
than in the control strain. The overexpression828534) strain exhibited morphology with
somewhat delayed sporulation compared to the pthsomtrol and certainly the 824(p654as)
strain. All three strains apparently completed sfadion, at least to some extent, as judged by
the fact that they survived the standard heat shgck

We sought to further support these findings by @rarg the cells from the 3 strains
using TEM and SEM analysis from a separate sevottological replicates. SEM images
support the presence of swollen cells at hour 3#:3be 824(pT6534) strain but not in the
824(pS0OS95del) and 824(pT6534) strains (data rawish Otherwise SEM images could not
clearly distinguish cellular differences betweea &strains. TEM images provided a better
resolution of cellular differences. For examplehaiir 18, the 824(p654as) strain displays some
polar DNA condensation while the other 2 straingxdb(Fig. 5.4). By hour 32-35, most cells of
the 824(pS0OS95del) strain display the electronsttarent granules characteristic of clostridial
development (Jones et al. 2008) as well as a wetidéd prespore, while that happens at a much
lower frequency in the other 2 strains (Fig. 5BY.hour 82-87, 824(pS0OS95del) cells display a
high frequency of mature spores. Many of the neagpores of 824(p654as) show an
accumulation of extra spore coat proteins, whileesa sporulating cells of the 824(pT6534)

strain display discontinuous spore coat fragmerdgative of an earlier stage of sporulation
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824(p654as)  824(pSOS95delB24(pT6534)

hour 32-35 hour 18

hour 82-87

Figure5.4 TEM images of 824(p654as), 824(pSOS95del), and 824(pT 6534).

Arrows at hour 18 show the polar body formationibitad in 824(p654as). Arrows at hour 82-
87 show the extra spore coat protein produced Bypb4as) and the discontinuous spore coat

formation of 824(pT6534).
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(Labbe 2005)These data support the hypothesis that the pratesd by CAC654/653

directly or indirectly affect sporulation.

5.3.4 AsSRNA knockdown of the CAC0654 protein resultsin dramatically reduced solvent
formation and acid re-assimilation, but over expresssion of the two-component proteins

resulted in relatively small reduction in solvent formation

In flask batch cultures without pH control, str@@24(p654as) produced significantly
lower (Table 5.3) levels of solvents than the plasoontrol strain 824(pSOS95del), while strain
824(pT6534) displays a ca. 20% reduction (whichda@ot considersignificantly different) in
solvent formation compared to the control straial([€ 5.3).

Next, for better controlled culture conditions, used replicate pH-controlled
fermentations to determine the effects of CACO6&8RNA KD on the metabolism and
transcriptional program of the organism comparetthéoplasmid control strain,
824(pS0OS95del). The growth rate and peak optieasitly (Asog) measurements were very
similar between the two strains, but thgdf 824(p654as), after reaching its peak, contirtoed
drop over the course of the culture, while 824(pS&l) maintained a highersé (Fig. 5.5).
Furthermore, CAC0654 KD resulted in a dramatic o#ida in the formation of solvents,
reduced acid re-assimilation, and lower glucosesamption than the control strain (data not
shown). Butanol and acetone titers were reduceavby 80% in 824(p654as) compared to the
control strain. Butyrate, which the cell typicatgrassimilates into solvents, remained elevated

in 824(p654as), and was twice the final butyratecentration of 824(pSOS95del).
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End Product Concentrations (mM)

Strains
Butanol Ethanol Acetone Acetate utBate
824(pSOS95det) 160 21 102 12 23
824(p654as]) 41 6 31 25 34
824(pT6534f 127 16 80 10 21

& Cultures were performed in triplicate. The stadd#eviation of the replicates is less than 10%

®The values from 824(pT6534) are from a single expent.

Table5.3 Product formation in static flask fer mentation experiments: effect of

CAC0653/654 knockdown and over expression.
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Figure5.5 Growth curvesand product formation kinetics from pH-controlled

fermentation experiments.
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Symbols. 824(p654as) (0); 824 (pSOS95ddl) (e). A: Growth curvesfor the whole 100-hour

experiments. B: growth curvefor thefirst 30 hoursfor more precisaly identifying the

sampling points (A-F, corresponding to hours9, 12, 13.5, 15, 17, and 19, respectively) for

microarray analysis. C-F: Carboxylic acid and solvent product formation kinetics. Results

shown are averaged from replicate experiments. Concentration differences between

experiments weretypically lessthan 5mM and error barsarenot shown. Cell density

(A600) differences were below 10%.
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5.3.5 Microarray analysis of strain 824(p654as) shows that the CAC0654 asRNA

knockdown resultsin an accelerated transcriptional sporulation program

Transcriptional analysis was performed on the CA8Z0&sRNA strain using whole
genome microarrays (Alsaker et al. 2005). Sampkae taken from the pH-controlled
fermentations (Fig. 5.5B) during exponential aratishary phase to capture the transcriptional
effects following peak expression of CAC0654 (FHdl). Labeled cDNA from RNA isolated
from samples of the 824(p654as) strain were hyremliagainst the corresponding cDNA from
the plasmid control (824(pS0OS95del)) strain atstume stage of culture for six timepoints (A
through F; Fig. 5.5B).

Sporulation related transcription and sigma factors. Examination of the transcriptional profiles
of key sporulation related genes revealed a dramgtiegulation of this gene subset. Initiation
of sporulation inC. acetobutylicum is controlled by the master transcriptional retpriaSpoOA
(Harris et al. 2002). This begins the signal cdedaat results in the expression of other sigma
factors that are necessary for sporulation. Eactof in the cascade is necessary for the
expression or activation of the next. The casda@pressed in the following order?,
Spo0A,s", oF, 6%, o (Duirre and Hollergschwandner 2004; Jones et al82Baredes et al.
2005). spoOA is transcribed from & dependent promoter and, once phosphorylated,itiee
expression of theigF, sSigk andspollE and represseabrB, a repressor of sporulation (Scotcher
et al. 2005). NeithespoOA norsigH showed any significant difference in expressiotwiken

the two strainsabrB showed overall downregulation in strain 824(p634#dmost all other
genes aftegpoOA in the sporulation cascade were highly upregulatéde 824(p654as) strain
compared to the plasmid control strain (Fig. 5.8his upregulation of sporulation-related genes

occurred at timepoints A or B (Fig. 5.5), closadldwing the initiation of butanol formation
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Figure 5.6 Temporal expression patterns of spbamaelated sigma factors and associated

genes (a-e) and of primary metabolism genes (Q).

Ratios compare expression in 824(p654as) to 824895@0el). A-F time points at the top of
each gene group corresponds to the timepoints showig. 5.2. (a) Genes involved in early
sporulation signaling. (ligF and genes required fef processing. (GGigE and genes required
for o€ processing. (RigG and genes required faigK expression. (eigk expression. (f)
Primary metabolic genes and abbreviated diagrametébolism (g). Red indicates higher
expression in the CAC0654 asRNA strain 824(pHK@&Ht) green indicates higher expression in
the plasmid control strain, 824(pS0OS95del). Graxes indicate missing data on the

microarrays.
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(first detected at timepoint B). NotabkygF and its regulon appear to be upregulated in

strain 824(p654as) compared to plasmid controbattgA (hour 12), which appears to be early
than in the WT strain (Fig. 5.1), and this is cetest with the observation that sporulation is
accelerated in strain 824(p654as) (Figs. 5.3 a#d Bhis upregulation of sporulation genes also
correlated closely with the timing of peak expreasif the CAC0653/CAC0654 operon in the
wildtype strain (Fig. 5.1). @RT-PCR analysis of several important sporulatidategl sigma
factors were used to validate the results frormti@oarray analysis. To do so, we carried out
separate experiments and under slightly differattice conditions (no pH control) in order to
ascertain the broader validity of our microarrandfngs, although we anticipated that some of
the gene expression patterns would be qualitatisélgrent given that both solvent formation
(and thus sporulation) are pH dependent (e.g.,(iHase and Papoutsakis 1988; Roos et al.
1985)). The transcriptional kinetics of the spotiola-related transcription and sigma factors
abrB, sigF, sigE, sigG andsigK were analyzed by Q-RT-PCR in such a culture (&ig), and
the results were found to be generally similahi ¢orresponding microarray expression
profiles, with some qualitative differences, andatdy insigF andsigK expression. Taken
together, these data suggest that the 2-compoysteins encoded by CAC0654/0653 acts as a
transcriptional repressor of sporulation.

Genes of primary metabolism, motility, and chemotaxis. In agreement with the product-
formation profiles (Fig. 5.5), the genes involvadsblvent formation (and many of the primary
metabolic genes) displayed a significant downregarian 824(p654as) compared to
824(pS0OS95del) (Fig. 5.6f and g). For solvent-fararagenes (theol operon aad-ctafA-ctfB
andadc), the differences became especially pronounced femely after about hour 17, which

corresponds to point E of Fig. 5.5B). These datawstiat the accelerated sporulation of
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Figure5.7 Comparison of expression data from microarray analysiswith data from Q-RT-

PCR.

The expression ratios shown are either from micegyadlata A) for the experiment of Fig. 5.5,
or from Q-RT-PCR data () from static flask cultures (no pH control). Tlaios were
calculated from the expression of each gene in@@&4as) divided by the expression of the
gene in 824(pS0OS95del). The time scale for ealtbhreuvas normalized to 10 hours at agdA

of 1.0 to correctly compare different cultureshie same stage of growth.
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824(p654as) (Fig. 5.3) results in premature dormafenetabolism by lowering the

expression levels of the solvent-formation (bubather primary-metabolism) genes and thus
resulting in reduced solvent production.

As sporulation advances, chemotaxis and motiliéymogressively lost, and thus
transcriptional analyses of the asporogenous M5gldr and Papoutsakis 2005) and the SpoOA
knockout (Tomas et al. 2003b) strains displayedeia®ed expression of many chemotaxis and
flagellar genes when compared to the WT strainelleen, as would be expected from the
upregulation of many sporulation related genes,thud accelerated sporulation, in 824(p654as)
compared to 824(pS0OS95del), the large flagellarcmanotaxis operons were largely
downregulated in 824(p654as) (Fig. 5.8).

Deduced SpoOA and sporulation sigma-factor activity. SpoOA must be phosphorylated to
become active and other sigma factors also regoisetranslational modifications to bind DNA
(e.g.,o" requires SpollE for release from its anti-sigmadaands™ must be proteolytically
cleaved to gain functionality). Thus, transcripabupregulation of these important sporulation
genes does not imply upregulation of that the eedddnctional protein(Jones et al. 2008).
However, activity of a sigma or transcription fastean be inferred by inspecting the expression
profiles of their putative regulons, i.e., of thengs directly regulated by the sigma/transcription
factor (Jones et al. 2008; Paredes et al. 200Bprrhation regarding the regulons of the
sporulation specific sigma factors and SpoOA wasvdrfrom recent genomic studiesBn

subtilis ((Britton et al. 2002; Eichenberger et al. 200&hénberger et al. 2003; Molle et al.
2003; Steil et al. 2005; Wang et al. 2006) and usambnstruct putative regulons@
acetobutylicum. We erred on the side of including more genesdbasB. subtilis homologs, in

these regulons than may actually be the case saéheould miss fewer possible interesting
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CAC2204 hyp. protein
CAC2205fliD
CAC2206fliS

CAC2207 hyp. protein
CAC2208 Flagellin protein

CAC2139 Flagellar protein
CAC2140 Flagellar protein
CAC2142 hyp. protein

CAC2143 Sigma factor SigD/Whi
CAC2144 Uncharacterized protei

CAC2145 ATPase CAC2209csrA
CAC2146flhF CAC2210 Uncharacterized protein
CAC2147flhA CAC2211 Flagellin protein
CAC2148flhB/fliR fusion CAC2212flgK
CAC2149liQ CAC2213 hyp. protein
CAC2150fliP CAC2214flgM
CAC2151fliz
CAC2152fliL
CAC2153flbD
CAC2154flge

CAC2215fliY
CAC2155 hyp. protein CAC2216fliM
CAC2156flgD CAC2217 Signal trangheW
CAC2157fliK CAC2218cheY
CAC2158fliJ CAC2219cheC
CAC2159 ATPase CAC2220cheA
CAC21611liG CAC2221cheR
CAC2162fliF CAC2222cheB
CAC2163fliE CAC2223cheD
CAC2164flgC CAC2224cheW

CAC2165flgB CAC2225 hyp. protein

Figure 5.8 Temporal expression profiles of selected flagellar and chemotaxis genes.

Genes are organized in putative operons. Ratiogpace expression in 824(p654as) to
824(pS0OS95del). A-F at the top of each group spoed to the timepoints shown in Fig. 5.5B.
The expression scales are the same as in FigG@y boxes indicate missing data on the

microarrays.



122
expression patterns, and let our microarray dati@id at the end which of these might

belong to the true regulon of each factor. Theesgion profiles of these putative regulons are
shown Fig. 5.96™ is the first sigma factor of the sporulation caand showed no change in
expression between 824(p654as) and 824(pSOS95Hes) putatives” regulon is comprised of
the sporulation related geng®VS, spoVG, ftsAZ, andspoOA. These genes show very little
change in expression between the two strains dthiadjrst three timepoints whet' should be
active (i.e., beforgpoOA expression and solvent formation), indicating BAC0654 asRNA
does not affect™ activity. spoOA expression is little changed between the tworsitaiut the
genes under control of Spo0A exhibit dramatic dédfeces between the two strains. Base8.on
subtilis studies (Molle et al. 2003), SpoOA positively riegessigF, sigE, and thes" processing
enzymespollE, while negatively regulating the large flagellareoon (CAC2155-CAC2165)
(Fig. 5.8). ThesigF operon (CAC2306-CAC2308) was expressed highe2#{@54as) than in
824(pS0OS95del) beginning at the first timepointh& microarray analysis, whikgE and
spollE were upregulated at timepoint B, and finally ttegyéllar operon was downregulated at
timepoints C and D. These data suggest that Spo@Abe phosphorylated earlier and possibly
at a higher level in the CAC0654 asRNA strain thmatlhe plasmid control strain. An earlier and
stronger SpoOA phosphorylation would be consistetit the accelerated and enhanced
sporulation of the 824(p654as) strain (Figs. 5@ ad). While the expression gio0A and the
SpoOA~P dependent genes have different expressiditepr the sigma factors downstream of
Spo0A in the sporulation cascade have expressufilgs largely similar to the genes in their
regulons, which is consistent with our recent firgi (Jones et al. 2008).

The putatives™ regulon is the smallest of the investigated regsidut contains several

well-characterized genes suchspslIR, sigG, spollQ, and thegpr-spolIP operon, all of which
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CAC3152sigH
CAC1817spoVS
CAC3223spoVG
CAC1692ftsA
CAC1993ftsZ

CAC2071spo0A
CAC2306sigF
CAC2307spol|IAB
CAC2308 spollAA
CAC3205spol lE
CAC1695sigE
CAC2155 Hyp prot
CAC2156figD
CAC2158fliK
CAC2159fliJ
CAC2160 ATPase
CAC2161fliG
CAC2162fliF
CAC2163fliE
CAC2164figC
CAC2165flgB
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CAC1695sigE
CACO0129bofA
CAC3092cwiD
CAC1267dacB
CACO0469spmA
CACO0470spmB
CAC2861spolID
CAC2093spol l1AA
CAC2092spol I1AB
CAC2091spollIAC
CAC2090spol IAD
CAC2089spol I|AE
CAC2088spol I1AF
CAC2087spol I1AG
CAC2086spol l1AH
CAC2068spol IM
CAC1276spol IP
CAC1253spol VAB
CACO0329spoVD
CAC1713spol VA
CACO0581spoVR
CAC2859spol 1D
CAC3209yabP
CAC3208yabQ
CAC2126spoVE
CACO0579prkA
CACO0580yhbH
CAC1740yibJ
CAC1290yqgfC
CAC1291yqfD
CAC1794ytvi
CAC2300yunB
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CAC2306sigF
CAC2307spol|AB
CAC2308spol IAA
CAC3205spolIE
CAC1696sigG
CAC1252spolIQ
CAC2898spol IR
CAC1276spolIP

CAC1696sigG
CAC2305spoVAC
CAC2304spoVAD
CAC2302spoVAE
CAC2365sspA
CAC2372sspF
CAC2900splB
CAC3649spoVT

CAC1689sigK
CAC2683cotF
CAC2177cgeB
CAC2243asnO
CAC2905yabG

Figure5.9 Expression patternsfrom microarray analysisfor SpoOA and sporulation-

related sigma factorswith selected genesfrom their putative regulons.

Ratios compare expression in 824(p654as) to 8249950el). A-F at the top of each

group correspond to the timepoints shown in Fi§B5.The expression scales are the same as in

Fig. 5.6. Grey boxes indicate missing data omtieroarrays.
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were, as expected, differentially upregulated. Sehgenes were transiently upregulated

starting at timepoints B or C, closely followingethpregulation of thepollE, rather than the
expression pattern afgF, which is upregulated starting at the first timep@A). SpollE is
needed for propes” functionality and this timing suggests that theegcomprising the putative
o' regulon are upregulated due to increaslll E expression rather than increasigF
expression.

The o putative regulon is the largest of the sigma fastgulons and contains many
upregulated genes. Key differentially expressetegdelonging to this set inclugeolID, the
spolllAA-spolllAH operonspollID, andsigK. A recent study by Eichenberger et al.
(Eichenberger et al. 2003) identified both knowd aewly identifieds™ dependent genes
required for proper sporulation B subtilis. Among those required for proper sporulation, 31
had identifiable homologs i@. acetobutylicum, and almost all 31 genes were upregulated in
824(p654as).

Although the transcripts of both the late sigmadess®ands® show upregulation early
in the timecourse, their putative regulons do hatsthe large upregulation like those of tfe
andc® putative regulons. Our recent study (Jones &0418) suggested that the annotaigt
gene may not be expressed, and that the late spagelation genes may be differentGn

acetobutylicum compared td. subtilis.

5.3.6 Homology searchesfor possible functional assignment.
A phylogenetic analysis of clostridial signal trdostion kinases based on sequence
similarity generated a phylogenic tree (Sabring R005), which groups the CAC0654 histidine

kinase with several clostridial orphan kinases,(kmases without a response regulator coded by
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a gene adjacent to the kinase gene) comprisingpran kinase cluster. This cluster of

orphan kinases includes three (CAC0903, CAC0437GAh@A0323) of the five identifiable
(Paredes et al. 200&) acetobutylicum orphan kinases. IB. subtilis, it is known that orphans
kinases are responsible for the phosphorylatiotiv@®n) of Spo0A, and this is also likely the
case in clostridia (Jones et al. 2008; Paredels 20@5). Although the CAC0654 kinase likely
targets the CAC0653 response regulator, this aisaygjgests that there may exist some
promiscuity in the targeting of the CAC0654 kinamed that this targeting may include direct
Spo0A activation. The timing of the transcriptioaativation of the CAC0654 gene (Fig. 5.1) is
consistent with this conjecture.

We analyzed the possible conservation of the twopmment system coded by
CAC0653/0654 using two related but distinct appheac First, we used the KEGG SSDB
(Sequence Similarity DataBase) as explained irMbthods section. Searching for either
CACO0653 or CAC0654 gave the same results, namediasity to three (one each from three
different strains, B Eklund 17B, B1 Okra, and F galand) ofC. botulinum two component
systems, and one two-component system in eaghdafis glossinidius andThermotoga
lettingae. The homologous gene pairs are shown in Figui@ 5Alignment of the corresponding
CAC0653 homologs is shown in Figure 5.11. Nonthege two-component systems has been
functionally characterized, but KEGG suggests thatconserved two-component paifTin

lettingae is involved in copper-ion sensinigt{p://www.genome.jp/dbget-

bin/show_pathway?tle02020+Tlet_096@hile that inS. glossinidius

(http://www.genome.jp/dbget-bin/show_pathway?sgl@2RA50960) is involved in iron

sensing. IrC. acetobuylicum and related clostridia, iron levels have been shtmhave an

important effect on solvent formation (Bahl etE86; Dabrock et al. 1992).



126

cac

aﬂa FLL_ALSE0
cbk > >
cbb >
cbhf >

tle

apl

Figure5.10 Conserved gene clusters of CAC0653/CAC0654 per the KEGG database.

Organism abbreviations are as follows. acetobutylicum (cac),C. botulinum B Eklund 17B
(cbk), C. botulinum B1 Okra (cbb)C. botulinum F Langeland (cbf)Thermotoga lettingae (tle)

andSodalis glossinidius (sgl).
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Figure5.11 Alignment of CACO0653 orthologs identified by KEGG.
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Organism abbreviations are as followS: acetobutylicum (cac),C. botulinum B Eklund 17B

(cbk), C. botulinum B1 Okra (cbb)C. botulinum F Langeland (cbf)Thermotoga lettingae (tle)

andSodalis glossinidius (sgl). Symbols: (*) indicates positions whitéve a single, fully

conserved residue. (:) indicates that one of theng' groups

(http://align.genome.jp/clustalw/clustalw_readme htisifully conserved. (.) indicates that one

of the ‘weaker' group$itp://align.genome.jp/clustalw/clustalw_readme ptim fully conserved.
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To further analyze the conservation of this tvaoaponent system across other

species, a phylogenetic tree was constructed svial To identify homologs to CAC0653, the
DNA binding domain of the response regulator wasdysvhile for CAC0654, the ATP binding
and phosphoacceptor domains were used in theihistiihase BLAST. The proteins identified
from each independent BLAST were then compareddntify homologous protein pairs likely
to be in an operon. Once the orthologs were ifiedtialignments using ClustalW were used to
construct phylogenetic dendrograms with branchtlenguilt from the alignment results, and the
results are shown as Figures 5.10 and 5.11 for @&8@nd CAC0654, respectively. These
analyses show similarity of the CAC0653/0654 systeItwvo-component systems in several
other clostridia, bacilli and related organism$ie RR shows similarity to PhoP (which responds
to phosphate and magnesium (Smith and Maguire 1998)pR, and PmrA (iron, pH and
magnesium sensing (Kox et al. 2000)) all of whioh @art of the lower branch of the CAC0653

dendrogram (Figure 5.10).

5.4 Discussion

Our data (Figs. 5.2-4 and Table 5.3) suggest beaaltered sporulation characteristics
due to CAC0654 KD are accompanied by reduced sbfeemation, glucose utilization and acid
re-assimilation apparently due to accelerated $aon. CAC0653/654 overexpression has only
a small impact on product formation, which is cetext with the less dramatic impact of the
overexpression on the two proteins on sporulation.

As the microscopy shows, 824(p645as) has accetesatarulation, while the
overexpression strain, 824(pT6534), displays soateydn sporulation (Fig. 5.3 and 5.4). This

accelerated sporulation program is consistent thighfinding that most sporulation genes were
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upregulated in the asRNA strain, 824(p654as), coetptd the plasmid control strain,

824(pS0OS95del). The expression profiles of théestitranscriptional regulators of the
sporulation cascade'{ and Spo0OA) were largely unaffected by the asRNAdfEhe CAC0654
protein, and the same is true for the putatiVeegulon (Fig. 5.9). There are several important
genes $igF, sigE, spollE, and the flagellar operon CAC2155-2165) under tougeSpo0A

control that are differentially expressed betwe2a(B654as) and 824(pSOS95del), suggesting
that the SpoOA was activated earlier and/or stromgthe CAC0654 asRNA strain.

Additionally, 824(p654as) showed a premature teatiom of solvent formation and overall
metabolism likely due to the accelerated sporuteig. 5.6). Collectively, our data suggest
that the CAC0653/CAC0654 response regulator artdiinis kinase pair act as repressors of key
sporulation genes, and most likely affecting Sp@@#fivation or sporulation signaling starting at
SigF.

In B. subtilis, there a number of phosphotases that result iel@po0A activation
(Perego 2001; Perego and Hoch 1991), but homoloese genes either remain unidentified or
are absent in clostridia (No6lling et al. 2001; Riaeet al. 2005). However, two-component
systems have been also identified that affect poeutation process iB. subtilis, and
specifically the ComAP system, which controls maagnpetence related genes and also the
RapA phosphatase that can decrease SpoOA phosgtmylGrossman 1995). The CAC0653
/CAC0654 two-component system may have a roleerrgigulation of similar, but yet unknown,
proteins inC. acetobutylicum that may regulate the level of SpoOA phosphorgtati

The initial phenotype observed of 824(p654as) thasof reduced acid reassimilation
and the concomitant decreased solvent producfitre. events of solvent production and

sporulation are typically intertwined in this orgam and based on the low solvent formation it
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was initially expected that 824(p654as) would hdeereased expression of the key

sporulation genes. This occurs in the spoOA d&ietirain where both solvent formation and
sporulation are blocked (Harris et al. 2002). Hegrehere we see an enhancement and
acceleration in the sporulation program and theekrated sporulation likely causes early
cessation of cellular metabolism.

Comparisons of CAC0654 with other histidine kinaséhin theC. acetobutylicum
genome show a tight clustering with orphan kinasdsch are likely responsible for SpoOA
phosphorylation. Homology comparisons of this wemaponent system to two-component
systems in other organisms shows a good presemvatimng clostridia and bacilli, and indicate

a potential role in iron or related metal sensiegdlation.
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CHAPTER 6 CONCLUSIONSAND RECOMMENDATIONS

6.1 Conclusions

Metabolic engineering holds the potential to depetastly improved microorganisms for
various commercially relevant applications. Heehmve developed a number of engineering
strains for their potential use as butanol prodsicén the wildtype strain, we have found that the
replacement of the natural promoteraafl with the acidogenesis associated promotgtimtan
elevate transcription @ad 10-fold when overexpressed compared to the oveeszon of the
aad with its endogenous promoter. When this high eggion level odad was combined with
ctfB asRNA used to limit acetone formation, solvenidoiciion reached record levels in this
organism. In addition to butanol reaching 180 nefthanol production was elevated to ca. 300
mM, the highest ethanol titers reached in this oigga. The addition of thetfB asRNA kept
acetone concentrations relatively low, about onlétha levels of the control strain. Metabolic
flux analysis helped to identify a likely bottletkdoetween the conversion of acetyl-CoA and
butyryl-CoA. To identify if butyryl-CoA limitatiorwas prematurely ending butanol formation,
thiolase overexpression was examined. Thiola#®eidirst enzyme in the pathway converting
acetyl-CoA to butyryl-CoA. Thiolase overexpresssmtely resulted in an early termination of
the fermentation with primarily acids producedlzes products. It was thought the early
termination of the fermentation was due to theyeaccumulation of butyrate. To overcome the
early butyrate accumulation, thad gene expressed from tpth promoter was used in
combination with thiolase overexpression. Thidyeaad expression would provide another

route for butyryl-CoA formation other than butyraté/hen thiolase overexpression was
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examined using thetb drivenaad expression, it was found to significantly reduce side-

products produced from acetyl-CoA. Acetate wasiced by 50% when thiolase aaald were
overexpressed, while ethanol was reduced by twdgshwhen compared to a strain only
overexpressingad. Although the higheaad expression and thiolase overexpression did have
beneficial effects on product formation, the adufitof thiolase overexpression to the strain
overexpressingad andctfB asRNA, had little impact on product formation. iSTimdicates that
additional genes involved in the pathway convertingtyl-CoA to butyryl-CoA may be
necessary to increase butanol production or thablbgtraining the acid re-assimilation the cell
additional regulation at the genetic or metabalieimediate level.

Following the successful utilization of tipd expressedad in the wildtype background
we investigated its utility in a non-sporulatingmsolvent producing strain, M5. Previous
studies expressing either of the two alcohol/aldehyehydrogenases (AADHS) in this
background has lead to butanol production withaet@ne production, but at levels just one-half
what is produced in the wildtype strain. Completagan of the M5 strain with thaad
expressed from thgtb promoter resulted in increased butanol produatmmpared to previous
strains, but less than the wildtype. By increashregpH of the culture, butanol production was
increased to 150 mM, near wildtype levels. Thig@ased butanol production is likely due to
the increased expression of tweel at higher pH from thetb promoter and perhaps in part due
to the reduce toxicity of the acid products at@agsing pH. Despite the increased butanol
production in this strain, the acid products, mattrly acetate, were still major by-products.
Thiolase overexpression was again employed to timeitoy-products from acetyl-CoA (acetate
and butyrate) and increase butyrate and butandiugtmn. Thiolase overexpression

successfully redirected the carbon flux to the foanbon products (butanol and butyrate) from
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the two-carbon products (ethanol and acetate)hbiyrate became the primary product at

the expense of butanol formation. To reduce tloeyetion of the acid end-products, gene
deletions strains were constructed to disrupt tetade kinase and butyrate kinase genes
individually. Genetic disruptions are particuladificult in clostridia species and the successful
mutant generation required the optimization ofd¢kpression and translation of the antibiotic
marker. The new antibiotic marker was used sufags generating both the acetate and
butyrate kinase mutant strains, where previous oustinad been unsuccessful. The success in
the mutant generation is partly due to the us@®M5 strain, which has a higher transformation
efficiency than does the wildtype strain. Analysighe mutant strains revealed greater than
60% reduction in the respective acid productiomwaty compared to the parent strain. This
residual acid formation is common in clostridiabgis where one pathway has been
downregulated or inactivated the analogous pattexawbits a compensatory increase of activity
in the other pathway. Although disruption of theetate kinase gene had only a minimal effect
on the growth rate of the strain, the butyrate &@ndisruption severely retarded its growth rate.
This was likely due to the elimination of the pat#twthat allows the oxidation of NADH in the
cell. Acetate production produces an excess of NADthe cell, while butyrate production
oxidizes the NADH produced during glycolysis. Thesluction in growth rate is more dramatic
when considering that acetate production produca® IATP than butyrate per mol glucose, but
the reduction of acetate formation is much mordyeadapted to than butyrate depletion. Both
the acetate kinase and butyrate kinase mutanhstnare transformed with tlaad

overexpression plasmid used earlier, but only tetade kinase mutant could be complemented.
Likely the reduced growth rate of the butyrate kmanutant also results in reduced

transformation efficiency. The acetate kinase miLgérain withaad overexpression did produce



134
less acetate than the strain with justdhe overexpression, but butanol production was also

reduced. This same occurrence of decreased butéthallecreased acetate production had also
been observed in the strain overexpressing botiette ancdad. Using metabolic flux analysis

it was shown that the intracellular production sabé both acetate and butyrate correlated very
closely regardless of the genetic background itisigaa strong link between the two. This can
be explained by once again looking at the oxidabbNADH within the cell. Acetate

production results in excess NADH, while butanaldarction oxidized more NADH than is
produced during glycolysis, however, the co-proaturctvould result in a balanced redox state
within the cell. This indicates a similar electio@lance as is observed in the butyrate kinase
mutant whose growth rate is reduced when the NARHrixed pathway is disrupted. As our
metabolic engineering efforts aimed to decreaswteproduction and were successful, the side
effect was reduced butanol formation.

Despite the efforts to increase expression andg/the endogenous solvent gene
regulation, relatively little is known regardingetlentry into solvent formation and sporulation.
In an effort to better understand the genetic r&guh of these cellular processes, we
investigated the expression profiles of respongalators and histidine kinases that allow the
cell to adapt to changing conditions. A common naaism for signal recognition and response
is through a two-component system, which involvesghosphate transfer from a histidine
kinase to a response regulator, which then altemg gxpression. Using an antisense RNA
(asRNA) construct, we have investigated the dowrlegigpn of the histidine kinase coded by
CACO0654 on solventogenesis, the characteristiostaty-phase phenomenon©f
acetobutylicum, and key signaling pathways of sporulation. Oudifigs suggest the two-

component system coded by CAC0654 and CACO65@skiand its cognate response
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regulator) is a putative negative regulator of sfairon. pH-controlled fermentations of

strain 824(pHK654) carrying the asRNA construagiésing CAC0654 show reduced glucose
uptake and an 80% reduction in butanol productanpared to the plasmid control strain.
Transcriptional profiling of 824(pHK654) using miarrays shows profound upregulation of the
sporulation cascade downstream of SpoOA, the mesgetator of sporulation, through the
expression ofigKk. These results were confirmed using quantitatat-time PCR. This
suggests the two-component system acts as a repodsgporulation. BLASTP searches of this
two-component system exhibit highest homology tknanvn and uncharacterized two-
component systems indicating that this is a novetl¢omponent system that may act affect the

phosphorylation state of SpoOA represssigir, spollE, andsigE.

6.2 Recommendations

Much of the work here has focused on the metaleolgineering of the primary
metabolism and solvent formation pathways. Anaysehese strains have relied heavily on
metabolic flux analysis to identify bottlenecks it the cell and to suggest new targets for
genetic modification. Additional work focused dretidentification of transcriptional regulators
to gain further insight into the induction of satwdormation and sporulation. DNA microarrays
were used to investigate the global changes itrémscriptional pattern between strains, and to
identify likely mechanisms for gene targets. ldigimtg the common regulators of both these
pathways and where the shared components divetggreatly aid the development of future
strains.

Along this same route our group recently perforrae@nalysis of the full transcriptional

pattern ofC. acetobutylicum throughout its entire growth phase until fully éeped spores were
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formed. This provides a large data set and a Wwedlinformation to probe for future

experiments. Transcriptional data provides a wdntstarting point for experimental design
and hypothesis, but the combination of multipldnteques together, a systematic “omics”
approach, where transcriptional, protein, and n@iakbools are combined together should allow
for more sophisticated analysis and even greasgghhinto how the cell performs.

As a first step, after the full transcriptional gram was determined from the DNA
microarrays, one can combine that data with theyrtion characteristics and metabolic flux
analysis to elucidate where the cellular metabolssiikely regulated. As genes need to be
induced and expressed to produce protein, thidaggu is relatively easy to measure and using
recombinant techniques as used earlier, this régnlaan be bypassed and changed to produce a
variety of desired expression patterns for therddsyene. This is of course not the whole story,
as the transcripts must be translated into prgteimd this production is another point at which
additional regulation may come into play. Evenetiwe protein is produced, if the substrates
and other associated proteins and cofactors angrasént, the protein will be unable to perform
its desired function. This was observed vei#lal overexpression when the butyryl-CoA substrate
was likely limited and AAD utilized acetyl-CoA assabstrate instead. So one can argue the
transcriptional analysis as a starting point far final function, and in the case of the product
formation pathways, metabolic flux analysis can soea the final output of the system, the
actual rate of formation.

Applying this analysis to the wildtype strain©facetobutylicum, one must identify the
genes in the respective pathways. For the primeatgbolic genes in product formation (eagl
for butanol formation), these are relatively welldied and known, but for many of the

glycolytic genes these genes must be identifieedas genome annotation in the absence of
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functional genetic information. In the current afatlic flux analysis model there are 15

genes annotated that are involved in the rGLY1,ftbg conversion of glucose to pyruvate.

Interestingly, only three of these genes (CAC2&AC2680, and CAC0827) show a significant

downregulation prior to the reduction in rGLY1 (FdlL). These three genes are the only ones of

the 15 whose expression drops to less than oregdhits initial expression level and maintains

that low expression for the next 10 hours. Overesgion of any or a combination of the three

genes could determine if increased expression doatdase the overall metabolism of the cell.
Continuing in the primary pathway of the metaboligyruvate is converted to acetyl-

CoA by a pyruvate-ferredoxin oxidoreductase. ase has not been studied, but two genes are

annotated as such. Looking at the transcriptiprailes only one (CAC2229) is expressed at all

timepoints during the first twenty hours (Fig 6.ZJAC2499 meets the cutoff for expression in

just a few of the early timepoints, suggesting that gene is lowly expressed, if expressed at all.

If the pattern of CAC2229 expression is evaluaited,very stably expressed showing no

significant induction or repression during the tiofenigh rGLY2 flux. This would indicate that

expression of CAC2229 does not contribute to ttee flathway. A similar pattern of flux

profiles and transcriptional profiles is observedthe pathway converting acetyl-CoA to

butyryl-CoA. For thiolase, two genes are annotébedhis function, but the chromosomal copy

CAC2873 has been shown to be the primary thiokgaressed at significantly higher levels

than the copy from the megaplasmid (Winzer, Loretnal. 2000). The five genes associated

with the conversion of acetoacetyl-CoA to butyry@ACall show a very similar expression

pattern. As these genes are predicted to be parsiagle operon, this shared expression pattern

is expected, but does not seem to be linked tde¢lcesase in the associated flux profile.
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For most of the primary metabolic genes involvethim production of the end

product acids and solvents, they have been furaitipanalyzed and studied. For the case of
ethanol and butanol production this is partiallyetr The primary genes have been identified, but
several other genes catalyze the same reactiothaimdnvolvement (or not) has not been fully
determined. The acid formation fluxes, rPTAAK aRIBBK, show very high values early in

the fermentation and then quickly drop off to nearo values by 20 hours (Fig 6.3). The
transcriptional profiles however, do not match thémd. The expression pfa andack are
continued at nearly the same level throughoutithedourse, while the expressionpith and

buk does decrease, this occurs only after the fluxedeses suggesting that there is additional
regulation at the protein or translational levelaiting flux from these pathways. The acetone
and butanol pathways show the main genes involvéideir production induced at about hour

10, much earlier than the observed increase in fidou would expect a flux controlled by the
protein itself to have an increase in expressidarbehe increase in flux, but there is a 10-20
hour lag between the gene induction and the pe#ilixrfor each pathway, which is far greater
than what a reasonable expectation would be o$l@ion time. The ethanol formation flux
exhibits a large increase just after 10 hours hed slowly decreases. For most of the enzymes
annotated as part of this pathway there is litttuction, but the primary gene for butanol
production, and a butanol dehydrogenase are indoefede the flux increase. Interestingly, the
increase in expression and flux seem to be strarwhelated for the secondary alcohol/aldehyde
dehydrogenase. This gene is normally stronglyéeduwat neutral pH with excess NADH, but it
may contribute to ethanol formation in the condisdnere. High ethanol formation was not

observed when this
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gene was expressed in a degenerate strain witheuégaplasmid (Fontaine, Meynial-

Salles et al. 2002), but that study used diffeceittire conditions and the impact of other genes
on the megaplasmid may also alter its role withicell.

The gene for hydrogen production has been idedtdind comparing its transcriptional
profile along with the intracellular flux, a verjose correlation is observed. The hydrogen flux
begins very high and then decreased sharply tozegarflux by about 20 hours, while the
transcriptional profile is expressed at its pedk@anitially and is decreased by 10-fold 15 hours
into the fermentation (Fig 6.4). Both the hydrogesand the NADH oxidoreductase share a
similar role in the oxidation of ferredoxin. Thgdnogenase utilizes hydrogen as an electron
acceptor producing molecular hydrogen, while theD¥WRoxidoreductase uses NAD+ as an
electron acceptor, producing NADH. It is this shiétween hydrogen production and NADH
production that is observed during the shift betwaeidogenesis and solventogenesis. There are
five annotated NADH oxidoreductases in theacetobutylicum genome and their transcriptional
profiles are shown in Figure 4 plotted againstNiAd©OH flux. It appears that only one of the
five genes is significantly induced prior to therease in NADH flux, indicating that this may
be the primary NADH oxidoreductase in the cellislalso important to note that the flux in
increased in the NADH pathway just a couple of Bafter gene induction. This combined with
the fact the hydrogenase expression decreasesratlar time suggest that these two genes may
dominate the redox state within the cell and cbaote greatly to the timing and determination of
the fermentation products. Efforts to inactivdite hydrogenase gene should be tested as well as

the overexpression of the NADH oxidoreductase tdfiom its role in NADH production.
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This gene should be overexpressed in the futulieing a highly expressed acidogenesis

associated promoter to increase NADH productionfaaifitate the production of increased

butanol.
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APPENDIX A: SEQUENCE DATA AND ANNOTATION OF ACETATE
KINASE AND BUTYRATE KINASE M5 MUTANTS

Annotation of the plasmid pAKK O and acetate kinase disruption locus

A. Homologous recombination of non-replicating pi® containing a partial gene fragment

with the chromosomal DNA, resulting in a disruptimithe acetate kinase gene.

acetate kinase
fragmen

thiamphenicol
resistance gene

pAKKO

Homologous
recombination

acetate kinase open reading frame

—g:< L TIIMYyY—

Acetate kinase gene deletion mutant

B. Nucleotide sequence of the acetate kinasepmtisrumutant. The chromosomal DNA was
PCR amplified in four fragments spanning the regipatream of the acetate kinase gene to
downstream of the gene and sequenced. The armmsshe start codon of the acetate kinase
gene. The sequence with the solid underliningesgenomic copy of the acetate kinase gene
disrupted by the non-replicative plasmid, pAKKOheldashed-underlined sequence is from

the vector integrated into the genome.
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GTATTCCCAGAT CTTCAAACAGGAAACATTGGGT ACAAGCT TGT TCAAAGAT TTGCAAAAGCAAAAGCAATAGGACCTATATGTCAAGGATTTGCAAAACCTATTAA

TGATTTATCAAGAGGCTGTAGCTCAGAGGATATAGTAAATGT TGT TGCTATAACT GTTGT TCAGGCT CAAAGAGGTATATAAGGAGGAT TTTTATGAAAAACTTAGT TA

TTAACTGCGGTAGI TCATCAATCAAATACCAGT TTATAGATAT GAAGGAT GAAACT GTACT CGCTAAAGGAT TAGT TGAAAGAATTGGAATAAAAGGATCTGTAATAAC

CCATAAAGT AAAT GGAGAAAAATAT GT TACAGAAACT CCTAT GGAAGAT CATAAAAAGGCTATAAAGCT TGTATTAGATGCTTTATTAAATGATGAATATGGTGTTATA

AAAAATATTGAT GAGATAT CAGCAGT AGGACACAGAAT CGT TCAT GGT GGAGAAAAAT AT GCAAACT CAGT TTTAATAGATGAAGATGT TATGAAGT CTATAGAAGAT T

GT GTGAGT CTTGCACCGCT TCATAATCCACCACACATAATAGGAAT TAATGCTTGCAAGGAATTAAT GCCAAACGT TCCTATGGT TGCAGTATTTGATACAGCATTCCA

TCAAACTATACCTGATTATGCATATATGTATGCTATTCCATATGAATATTATGATAAATACAAAATAAGAAAATATGGT TTTCATGGAACATCACACAAATATGTATCA

AGAACAGCT GCAGAATTTATAGGTAAAAAAGT AGAAGAT TTTCACACAGGAAACAGCT ATGACCAT GATTACGAATTCTATGAGT CGACATTAAAAAAATAAGAGT TAC
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ACCGCTGCGT TCGGT CAAGGT TCTGGACCAGT TGCGT GAGCGCATACGCTACT TGCAT TACAGCT TACGAACCGAACAGGCTTATGT CCACTGGGT TCGTGCCTTCA

CGGT CTTGCTATGGGAACT AGAAGT GGAGATAT GGACCCAGCAGT AGTAACT TTTTTAATGGATAAATTAAATATAAATGCTTCTGAAGTAAATAATCTATTAAATAAA

AAGT CAGGTATTGAAGGCT TAAGT GGAATAAGCAGCGATAT GCGT GATATTAAAAAAGGAAACT ATGTAGATAAAGACCCTAAAGCTATGCTAGCTTACAGTGTATTTA

ACTATAAAATAAAGCAATTTATAGGT TCATATACT GCAGT TATGAATGGATTAGACT GT TTAGTAT TCACT GGT GGAATAGGT GAAAATTCATTTGAAAATAGAAGAGA

AATATGCAAAAACAT GGAT TAT CTAGGAATAAAAATTGACGATAAGAAAAAT GATGAAACT AT GGGAATACCAAT GGATATAAGT GCAGAAGGT TCTAAAGT TAGGGTA

CTTGTAATTCCAACT AAT GAGGAGT TAATGATTGCAAGGGATACCAAAGATATAGTAGGCAAGT TAAAATAAAACT TGACATTTATTTTGCATGCTTATATAATAAATT

ATGGCTGCGT TAATGATTTAACATTAAAACAGT TTATTTTTGTGAAT TTGAATAAATATAACT TATTGACT TAGGAGCTTATAATAACATGT TAGATGT TTCTGATTTA

ATAACCAAAAAAGT CGACAAAAAAGAT

Annotation of the plasmid pBKK O and butyrate kinase disruption locus

A. Homologous recombination of non-replicating g8® containing a partial gene fragment

with the chromosomal DNA, resulting in a disruptimiithe butyrate kinase gene.

butyrate kinase

fragmen
thiamphenicol
resistance gene
pBKKO
Homologous
recombination

Butyrate kinase open reading frame

—N T« RN\ oy

Butyrate kinase gene deletion mutant
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B. Nucleotide sequence of the butyrate kinaseigigsn mutant. The chromosomal DNA was
PCR amplified in four fragments spanning the regipatream of the butyrate kinase gene to
downstream of the gene and sequenced. The armmsshe start codon of the butyrate
kinase gene. The sequence with the solid undegiis the genomic copy of the butyrate
kinase gene disrupted by the non-replicative pldspBKKO. The dashed-underlined

sequence is from the vector integrated into theogen

ACATAGAAACAGGAAATGT AATGTATAAGACT TTAACATATACAACT GAT TCAAAAAAT GGAGGAATCT TAGT TGGAACT TCTGCACCAGT TGTTTTAACTTCAAGAGC

TGACAGCCATGAAACAAAAAT GAACTCTATAGCACT TGCAGCT TTAGT TGCAGGCAATAAATAAAT TAAAGT TAAGT GGAGGAATGT TAACATGTATAGATTACTAATA

—>
ATCAATCCTGGCTCGACCT CAACTAAAATTGGTATTTATGACGAT GAAAAAGAGATAT TTGAGAAGACT TTAAGACAT TCAGCTGAAGAGATAGAAAAATATAACACTA

TATTTGATCAATTTCAATTCAGAAAGAATGTAATTTTAGATGCGT TAAAAGAAGCAAACATAGAAGT AAGT TCTTTAAAT GCTGTAGT TGGAAGAGGCGGACTCTTAAA

GCCAATAGT AAGT GGAACT TATGCAGT AAAT CAAAAAAT GCTTGAAGACCT TAAAGT AGGAGT TCAAGGT CAGCAT GCGT CAAAT CTTGGT GGAATTATTGCAAATGAA

ATAGCAAAAGAAATAAAT GT TCCAGCATACATAGT TGATCCAGT TGT TGT GGATGAGCT TGATGAAGT TTCAAGAATAT CAGGAAT GGCTGACATTCCAAGAAAAAGTA

TATTCCATGCAT CACACAGGAAACAGCTATGACCAT GATTACGAATTCT AT GAGT CGACATTAAAAAAAT AAGAGT TACCATTTAAGGTAACTCTTATTTTTATTACTT
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AACT CGCCGCCCCGACT GEGCT GGCGAT GAGCGAAATGT AGT GCT TACGT TGT CCCGCAT TTGGT ACAGCGCAGT AACCGGCAAAAT CGCGCCGAAGGAT GTCGCTGC

TATGCAAAAGAAGT TGGAAAAAAAT ACGAAGATCTTAATTTAAT CGT AGT CCACAT GGGT GGAGGT ACT TCAGT AGGT ACT CATAAAGAT GGTAGAGTAATAGAAGT TA

ATAATACACT TGATGGAGAAGGT CCATTCT CACCAGAAAGAAGT GGT GGAGT TCCAATAGGAGATCTTGTAAGATTGT GCTTCAGCAACAAATATACT TATGAAGAAGT

AATGAAAAAGAT AAACGGCAAAGGCGGAGT TGTTAGT TACT TAAATACTATCGATTTTAAGGCTGTAGT TGATAAAGCT CTTGAAGGAGATAAGAAATGTGCACTTATA

TATGAAGCT TTCACATTCCAGGT AGCAAAAGAGATAGGAAAAT GTTCAACCGT TTTAAAAGGAAAT GTAGATGCAAT AAT CTTAACAGGCGGAAT TGCGTACAACGAGC

ATGTATGTAATGCCATAGAGGATAGAGT AAAATTCATAGCACCT GTAGT TAGATAT GGT GGAGAAGAT GAACT TCTTGCACT TGCAGAAGGT GGACTTAGAGT TTTAAG

AGGAGAAGAAAAAGCT AAGGAATACAAATAATAAAGT CATAAAT AATATAATATAACCAGTACCCATGT TTATAAAACT TTTGCCCTATAAACATGGGTATTGTTTTTT

TTTTATTTTTTTCTGATAAATTTCTTTAATATAACATAATAAACAAAAT AACT AATCCACAT GCCAATAT TTGCACCAAGAAAAT CCACTAAAACAT CTGAAACAAGCG

ATGTTCTTCCTGGAACATATAATTG



APPENDIX B : LIST OF BEST-BEST MATCHESBETWEEN C.
ACETOBUTYLICUM AND B. SUBTILIS

The list that follows shows the best-best matckd®pter 5) betwee@. acetobutylicum (C.
aceto) andB. subtilis. Gene annotation numbers are listed and the fhiatad is from theB.
subtilis annotation.

C. aceto

CACO0001
CAC0002
CACO0003
CAC0004
CACO0006
CACO0007
CACO0009
CACO0021
CACO0023
CACO0031
CACO0073
CACO0075
CACO0086
CACO0087
CACO0088
CACO0089
CACO0091
CACO0092
CACO0093
CACO0097
CACO0098
CACO0099
CACO0100
CACO0103
CACO0107
CACO0112
CACO0113
CACO0123
CACO0125
CACO0126
CACO0127
CACO0129
CACO0130
CACO0147
CACO0154
CACO0157
CACO0158
CACO0161

B. subtilis

BSU00010
BSU00020
BSUO00030
BSU00040
BSUO00060
BSU00070
BSU27890
BSU00130
BSU36160
BSU02290
BSU40650
BSU10600
BSU13010
BSU04540
BSU21690
BSU34680
BSU28290
BSU29150
BSU37650
BSU28150
BSU03280
BSU28120
BSU28130
BSU15600
BSU08830
BSU27430
BSU36300
BSU00180
BSU00190
BSU00200
BSU00210
BSU00230
BSU29070
BSU09080
BSU03980
BSU03990
BSU01780
BSU40480

name

dnaA
dnaN
yaaA
reck
gyrB
gyrA
yrxA
serS
ywgM
psd
yybG
yhiQ
ykgB
ydbO
msrA
yvcT
ilvC
ytwli
ywfK
hemC
naskF
hemL
hemB
cysC
ssuB
ginQ
glcR
yaaJ
dnaX
yaaK
recR
bofA
ytaF
yhcH
mtlA
mtlD
glmS

yycB

C. aceto

CAC1425
CAC1427
CAC1439
CAC1465
CAC1467
CAC1472
CAC1473
CAC1479
CAC1483
CAC1486
CAC1487
CAC1495
CAC1497
CAC1512
CAC1516
CAC1517
CAC1518
CAC1519
CAC1521
CAC1523
CAC1538
CAC1544
CAC1545
CAC1546
CAC1550
CAC1556
CAC1569
CAC1570
CAC1572
CAC1573
CAC1576
CAC1584
CAC1585
CAC1586
CAC1587
CAC1590
CAC1592
CAC1593

B. subtilis

BSU20020
BSUO03900
BSU04850
BSU21700
BSU04250
BSU05620
BSU33820
BSU02390
BSU05290
BSU14200
BSU18030
BSU37220
BSU03190
BSU38060
BSU34720
BSU34710
BSU34700
BSU34690
BSU05540
BSU05860
BSU03550
BSU25300
BSU39420
BSU39400
BSU21680
BSU34020
BSU13150
BSU21900
BSU40190
BSU12030
BSU04190
BSU23840
BSU39100
BSU09610
BSU09600
BSUO07570
BSU03250
BSU02850

name

yosS
gabT
ydcP
ypoP
IrpC
ydgF
opuCB
ybgE
ydeP
ykuS
tip
ywjB
ycgL
ywcJ
yvcP
yveQ
yVcR
yveS
ydfS
ydhR
ycxC
cdd
dra
pdp
yppQ
yvbX
ykmA
bsaA
fbp
yjdF
ydaD
yqiK
yxiO
yhdVv
yhdU
yilS
ycgR
ycdH

C. aceto

CAC2711
CAC2712
CAC2713
CAC2714
CAC2716
CAC2723
CAC2725
CAC2726
CAC2737
CAC2747
CAC2748
CAC2755
CAC2756
CAC2758
CAC2769
CAC2772
CAC2786
CAC2788
CAC2804
CAC2807
CAC2825
CAC2830
CAC2832
CAC2834
CAC2838
CAC2839
CAC2840
CAC2841
CAC2842
CAC2845
CAC2846
CAC2847
CAC2850
CAC2854
CAC2856
CAC2859
CAC2861
CAC2862

B. subtilis

BSU37170
BSU18220
BSU05970
BSU05950
BSU19420
BSU29980
BSU23640
BSU17880
BSU10640
BSU00160
BSU39110
BSU09710
BSU09720
BSU23370
BSU23360
BSU29990
BSU24810
BSU13860
BSU07620
BSU39070
BSU25230
BSU07640
BSU09570
BSU40040
BSU05910
BSU05920
BSU05930
BSU23050
BSU04780
BSU35290
BSU35300
BSU35310
BSU33830
BSU27480
BSU30550
BSU36420
BSU36750
BSU36760

name

acdA
yngF
ydiH
ydiF
yojK
ytjP
ygkD
ynzC
sbcD
yaaH
deaD
yhel
yheH
YPUA
ppiB
ytiP
yagV
ykvY
yfIN
bglS
yaxD
yflL
yhdR
yxaA
ydiB
ydiC
ydiD
ypaA
ydcl
prfB
secA
yvyD
opuCA
yrrC
metK
spolllD
spollD
murAA
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CAC0166
CACO0169
CACO0174
CACO0175
CACO0178
CACO0179
CACO0181
CACO0182
CACO0185
CACO0187
CACO0188
CACO0189
CACO0191
CACO0192
CACO0193
CAC0197
CACO0210
CACO0211
CAC0212
CACO0215
CACO0217
CAC0222
CACO0223
CACO0225
CAC0231
CAC0232
CAC0234
CAC0240
CAC0249
CAC0252
CAC0265
CACO0266
CACO0267
CACO0271
CAC0274
CACO0278
CAC0281
CAC0284
CACO0285
CAC0289
CACO0293
CACO0296
CAC0299
CACO0301
CACO0305
CACO0306
CACO0307
CACO0310
CACO0316

BSU14110
BSU08310
BSU35490
BSU01700
BSU11400
BSU11360
BSU01670
BSU01660
BSU01650
BSU35020
BSU35010
BSU35030
BSU01690
BSU12980
BSU40490
BSU04770
BSU30200
BSU32030
BSU22440
BSU28820
BSU27900
BSU40880
BSU22170
BSU30390
BSU31210
BSU14390
BSU12010
BSU08300
BSU37020
BSU33370
BSU09060
BSU09070
BSU03050
BSU18040
BSU23570
BSU03790
BSU33380
BSU09650
BSU23870
BSU33220
BSU12970
BSU00240
BSU00290
BSU00320
BSU29720
BSU00340
BSU00360
BSU00370
BSU11250

ykuK
yfiL
degU
ybbl
appC
appD
ybbE
ybbD
ybbC
nagB
nagA
YyVOA
ybbH
ykfB
yycA
ydcH
bioB
yuiG
birA
ysdC
pheA
exoA
ypsC
ytsB
yulB
fruK
manP
yfik
ywkD
yvgK
yhcF
yhcG
Idh
yneP
ansB
yclM
yvgL
yhdz
yqiH
yvrH
ykfA
csfB
yaaQ
yaaT
ytxE
yabB
yabC
abrB
argF

CAC1596
CAC1604
CAC1610
CAC1613
CAC1635
CAC1657
CAC1664
CAC1669
CAC1670
CAC1671
CAC1673
CAC1674
CAC1675
CAC1678
CAC1679
CAC1680
CAC1682
CAC1683
CAC1684
CAC1685
CAC1686
CAC1687
CAC1692
CAC1693
CAC1695
CAC1696
CAC1697
CAC1698
CAC1700
CAC1701
CAC1705
CAC1706
CAC1707
CAC1708
CAC1711
CAC1712
CAC1713
CAC1714
CAC1715
CAC1716
CAC1717
CAC1718
CAC1720
CAC1721
CAC1722
CAC1723
CAC1724
CAC1725
CAC1726

BSU29880
BSU22480
BSU26690
BSU37230
BSU11030
BSU10890
BSU30940
BSU28710
BSU28920
BSU27530
BSU18450
BSU18440
BSU27520
BSU27410
BSU27400
BSU27390
BSU23520
BSU14530
BSU14770
BSU27370
BSU27360
BSU27340
BSU15280
BSU15290
BSU15320
BSU15330
BSU15360
BSU29000
BSU29110
BSU23110
BSU24990
BSU24980
BSU24970
BSU24950
BSU22840
BSU22830
BSU22800
BSU02690
BSU13580
BSU15660
BSU15670
BSU15680
BSU15700
BSU15710
BSU15720
BSU15730
BSU31310
BSU15740
BSU15750

malS
mgsA
brnQ
YWjA
yitL
yisX
glgP
CStA
IytT
yrvN
gltA
gitB
yrzC
alas
yrzL
yrrK
fur
ykqC
ylaG
yrrL
yrrM
yrrO
ftsA
ftsz
sigE
sigG
ylmC
ytcG
phoP
resk
pstS
pstC
pStA
pstBB
yphC
gpsA
spolVA
yccC
ykrV
yloC
ylzA
gmk
ylol
priA
def
fmt
yugP
yloM
yloN

CAC2864
CAC2865
CAC2866
CAC2867
CAC2869
CAC2873
CAC2874
CAC2875
CAC2877
CAC2878
CAC2879
CAC2880
CAC2881
CAC2882
CAC2884
CAC2885
CAC2886
CAC2887
CAC2888
CAC2889
CAC2892
CAC2895
CAC2898
CAC2902
CAC2904
CAC2905
CAC2914
CAC2915
CAC2916
CAC2918
CAC2922
CAC2924
CAC2926
CAC2928
CAC2934
CAC2942
CAC2947
CAC2948
CAC2959
CAC2960
CAC2961
CAC2965
CAC2967
CAC2969
CAC2970
CAC2971
CAC2972
CAC2973
CAC2986

BSU36800
BSU36810
BSU36820
BSU36830
BSU36850
BSU24170
BSU35660
BSU35530
BSU02860
BSU02870
BSU36890
BSU36920
BSU36930
BSU36950
BSU37010
BSU37000
BSU24490
BSU37060
BSU37070
BSU37080
BSU37150
BSU04560
BSU36970
BSU00460
BSU00440
BSU00430
BSU22430
BSU22420
BSU22410
BSU05870
BSU11690
BSU11680
BSU00770
BSU30990
BSU03470
BSU30670
BSU04260
BSU14430
BSU38200
BSU38860
BSU38190
BSU38570
BSU36000
BSU38620
BSU31440
BSU29580
BSU29590
BSU22100
BSU00420

atpC
atpD
atpG
atpA
atpF
mmgA
yvyH
tagO
ycdl
yceA
upp
ywlF
ywlE
ywliC
prfA
ywkE
yqhQ
tdk
rpmE
rho
pyrG
ddl
spolIR
ispE
veg
yabG
panB
panC
panD
ydhS
thiG
thiS
sul
yuad
hxIR
luxs
topB
ykpA
galK
galE
galT
licA
alsD
yx1J
patB
ytbJ
nifZ
kdgA
ksgA
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CACO0319
CACO0320
CACO0327
CACO0330
CACO0332
CACO0359
CACO0360
CACO0361
CACO0363
CACO0367
CACO0370
CACO0375
CACO0379
CACO0382
CACO0383
CACO0384
CACO0386
CACO0391
CACO0393
CACO0395
CACO0396
CACO0397
CACO0422
CACO0423
CAC0424
CACO0425
CACO0426
CAC0428
CACO0430
CAC0434
CAC0436
CACO0459
CACO0463
CACO0467
CACO0469
CACO0470
CACO0476
CAC0484
CACO0485
CACO0489
CACO0492
CAC0494
CACO0495
CACO0497
CACO0498
CAC0499
CACO0502
CACO0503
CACO0508

BSU33270
BSU14370
BSU08720
BSU34990
BSU05880
BSU30120
BSU10840
BSU22140
BSU36170
BSU37770
BSU06710
BSU14000
BSUO05700
BSU27080
BSU05820
BSU38590
BSU38580
BSU11880
BSU22120
BSU22110
BSU03460
BSU03450
BSU39080
BSU38050
BSU06170
BSU38040
BSUO05170
BSU28730
BSU24180
BSU00910
BSU38800
BSU40350
BSU12900
BSU04230
BSU23180
BSU23170
BSU38920
BSU01770
BSU07900
BSU04620
BSU17640
BSU04660
BSU38290
BSU35260
BSU35250
BSU19590
BSU35170
BSU35160
BSU28490

yvrO
yknZ
ygaF
Igt
ydhT
yteR
degA
kduD
ywqL
rocB
yerP
patA
ydhC
levR
ydhN
licB
licC
yjeJ
kdgR
kdgK
hxIA
hxIB
licT
sacP
ydjE
sacA
ydeE
araQ
yqiK
yacN
yxkH
rocR
htrA
ydaH
SpmMA
spmB
pepT
ybbT
yfkH
acpS
yncD
ydcE
thiE
ftsE
ftsX
CtpA
uvrB
uvrA
uvrC

CAC1727
CAC1728
CAC1729
CAC1730
CAC1731
CAC1733
CAC1734
CAC1735
CAC1736
CAC1737
CAC1738
CAC1741
CAC1742
CAC1743
CAC1745
CAC1746
CAC1747
CAC1748
CAC1751
CAC1752
CAC1754
CAC1755
CAC1756
CAC1757
CAC1758
CAC1759
CAC1761
CAC1762
CAC1770
CAC1772
CAC1773
CAC1783
CAC1784
CAC1785
CAC1786
CAC1787
CAC1788
CAC1789
CAC1790
CAC1791
CAC1795
CAC1796
CAC1797
CAC1798
CAC1799
CAC1800
CAC1802
CAC1803
CAC1805

BSU15760
BSU15770
BSU15780
BSU15790
BSU15800
BSU15820
BSU15830
BSU15840
BSU15870
BSU15010
BSU15020
BSU15060
BSU37660
BSU29470
BSU15080
BSU15890
BSU15920
BSU15930
BSU15940
BSU15950
BSU15980
BSU15990
BSU16000
BSU16020
BSU16030
BSU16040
BSU16050
BSU16060
BSU13450
BSU34450
BSU34460
BSU10220
BSU16110
BSU16120
BSU16170
BSU16490
BSU16500
BSU16510
BSU16520
BSU16530
BSU16550
BSU16560
BSU25070
BSU16590
BSU16600
BSU16610
BSU16630
BSU16650
BSU16660

prpC
prkC
yloQ
rpe
yloS
romB
yloU
yloV
recG
ylbH
ylbl
ylbM
pta
ackA
romF
plsX
acpA
rnc
smc
ftsY
ffh
rpsP
ylgC
rimm
trmD
rplS
ylgF
rnhB
sigl
sacB
yveB
gitT
smf
topA
codY
rpsB
tsf
pyrH
frr
uppS
dxr
yluC
yafy
yIxS
nusA
yIXR
infB
rbfA
truB

CAC2987
CAC2988
CAC2989
CAC2991
CAC2994
CAC3003
CAC3004
CAC3009
CAC3010
CAC3012
CAC3014
CAC3021
CAC3035
CAC3037
CAC3040
CAC3046
CAC3062
CAC3073
CAC3075
CAC3076
CAC3079
CAC3083
CAC3087
CAC3088
CAC3092
CAC3093
CAC3094
CAC3095
CAC3096
CAC3097
CAC3098
CAC3099
CAC3100
CAC3101
CAC3102
CAC3103
CAC3104
CAC3105
CAC3106
CAC3107
CAC3108
CAC3109
CAC3112
CAC3113
CAC3114
CAC3115
CAC3116
CAC3117
CAC3118

BSU00410
BSU00400
BSU00390
BSUO00380
BSU02940
BSU17680
BSU21810
BSU07980
BSU04580
BSUO07370
BSU08790
BSU10340
BSU36290
BSU29740
BSU36250
BSU35840
BSU36240
BSU34250
BSU24070
BSU24090
BSU01750
BSU28500
BSU13910
BSU24100
BSU01530
BSU12840
BSU12850
BSU11710
BSU38300
BSU01500
BSU01490
BSU01480
BSU01470
BSU01460
BSU01450
BSU01440
BSU01430
BSU29660
BSU01420
BSU01410
BSU01400
BSU01390
BSU01370
BSU01360
BSU01350
BSU01340
BSU01330
BSU01320
BSU01310

rnmv
yabE
yabD
metS
yceH
thyA
dfrA
yfiS
ydbR
yfmR
thiC
yhfR
ywpJ
CCpA
ywqD
ywtF
ywqE
yviC
buk
ptb
ybbP
trxA
ptsl
bkdR
cwlD
pit
ykaA
yjbv
thiM
rpsl
rplM
truA
ybaF
ybaE
ybxA
rplQ
rpoA
rpsD
rpskK
rpsM
romJ
infA
adk
secY
rplO
romD
rpsk
rpIR
rplF
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CACO0510
CACO0511
CACO0512
CACO0513
CACO0514
CACO0516
CACO0517
CACO0519
CACO0523
CACO0531
CACO0532
CACO0533
CACO0534
CACO0536
CACO0557
CACO0560
CACO0564
CACO0566
CACO0570
CACO0577
CACO0579
CACO0580
CACO0581
CACO0590
CACO0591
CAC0592
CACO0593
CACO0594
CACO0595
CACO0603
CAC0608
CACO0611
CACO0613
CACO0614
CACO0618
CACO0619
CAC0626
CAC0629
CAC0632
CAC0637
CACO0639
CACO0642
CAC0646
CACO0665
CACO0671
CAC0673
CAC0674
CACO0676
CACO0678

BSU15230
BSU34770
BSU34760
BSU34750
BSU29270
BSU29230
BSU29190
BSU15500
BSU06730
BSU08190
BSU08200
BSU08180
BSU18830
BSU38540
BSU10290
BSU05310
BSU02550
BSU12320
BSU02350
BSU39330
BSU08970
BSU08980
BSU09400
BSU23280
BSU23270
BSU23260
BSU23250
BSUO00110
BSU00120
BSU33450
BSU23380
BSU28900
BSU26990
BSU26980
BSU30620
BSU30610
BSU11420
BSU39550
BSU09240
BSU29670
BSU16080
BSU11600
BSU30320
BSU06980
BSU27680
BSU15850
BSU15860
BSU02270
BSU09230

murB
yvcd
yvcK
yvcL
ytol
dnakE
pfkA
pyrC
yefA
yfiA
malP
malA
pps
dite
yhfN
ydeR
ycbL
yjmC
gamP
YyXiA
prkA
yhbH
SpoVR
ribD
ribE
ribA
ribH
yaaD
yaaE
yvgS
lysA
ysbB
yraD
yrakE
ytiD
ytiC
trpS
yxeH
yhcW
tyrS
ylgH
yjoM
leus
yesP
yrbG
sdaAB
sdaAA
pssA
yhev

CAC1806
CAC1807
CAC1808
CAC1810
CAC1811
CAC1812
CAC1814
CAC1815
CAC1816
CAC1817
CAC1819
CAC1820
CAC1825
CAC1832
CAC1833
CAC1834
CAC1835
CAC1836
CAC1837
CAC1838
CAC1843
CAC1845
CAC1846
CAC1848
CAC1849
CAC1851
CAC1852
CAC1871
CAC1947
CAC1958
CAC1962
CAC1990
CAC1992
CAC1993
CAC2059
CAC2060
CAC2061
CAC2063
CAC2064
CAC2065
CAC2066
CAC2068
CAC2071
CAC2072
CAC2073
CAC2074
CAC2076
CAC2077
CAC2080

BSU16670
BSU16680
BSU16690
BSU16760
BSU16790
BSU16800
BSU16920
BSU16940
BSU16960
BSU16980
BSU22370
BSU13900
BSU21910
BSU17850
BSU17440
BSU17340
BSU17330
BSU17050
BSU17040
BSU17010
BSU04820
BSU13680
BSU13690
BSU22890
BSU30060
BSU23160
BSU08000
BSU04860
BSU21020
BSU33400
BSU01600
BSU33170
BSU05960
BSU36700
BSU29500
BSU23210
BSU23220
BSU23480
BSU23490
BSU23500
BSU23510
BSU23530
BSU24220
BSU24230
BSU24240
BSU24250
BSU24260
BSU24270
BSU24280

ribC
rpsO
pnpA
dapG
tepA
spolllE
PgsA
recA
ymdA
spoVS
aspB
ptsH
metA
lexA
ynbB
ymaH
miaA
mutL
mutS
ymcB
ydcN
motB
mOotA
cmk
ytfP
rluB
yfiQ
ydcQ
yonR
yvgN
ybbA
yvrB
ydiG
moaA
ytfd
ypuH
ypuG
dacF
punA
drm
ripX
spollM
spo0A
spolVB
recN
ahrC
yqxC
dxs

yqiD

CAC3119
CAC3120
CAC3121
CAC3122
CAC3123
CAC3124
CAC3125
CAC3126
CAC3127
CAC3128
CAC3129
CAC3130
CAC3131
CAC3132
CAC3133
CAC3134
CAC3136
CAC3138
CAC3139
CAC3140
CAC3141
CAC3142
CAC3143
CAC3145
CAC3146
CAC3147
CAC3148
CAC3149
CAC3150
CAC3151
CAC3152
CAC3153
CAC3154
CAC3156
CAC3157
CAC3158
CAC3159
CAC3160
CAC3161
CAC3162
CAC3163
CAC3164
CAC3169
CAC3170
CAC3171
CAC3173
CAC3176
CAC3177
CAC3178

BSU01300
BSU01290
BSU01280
BSU01270
BSU01260
BSU01250
BSU01240
BSU01230
BSU01220
BSU01210
BSU01200
BSU01190
BSU01180
BSU01170
BSU01160
BSU01150
BSU01130
BSU01120
BSU01110
BSU01100
BSU01090
BSU01080
BSU01070
BSU01050
BSU01040
BSU01030
BSU01020
BSU01010
BSU01000
BSU24900
BSU00980
BSU00970
BSU00960
BSUO00950
BSU22630
BSU22640
BSU22650
BSU22660
BSU22670
BSUO00750
BSU22680
BSU40330
BSU28310
BSU21870
BSU28270
BSU28260
BSU28300
BSU00940
BSU16570

rpsH
rpsN
rplE
rpIX
rpIN
rpsQ
romC
rplP
rpsC
rplv
rpsS
rplB
rplw
rplD
rplC
rpsJ
tufA
fusA
rpsG
rpsL
ybxF
rpoC
rpoB
rpiL
rplJ
rplA
rplK
nusG
seck
romGA
sigH
yacP
yacO
yazC
trpA
trpB
trpF
trpC
trpD
pabA
trpE
rock
ivB
ilvD
leuB
leuC
ilvH
cysS
proS
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CAC0679
CACO0681
CACO0682
CACO0687
CACO0689
CACO0690
CAC0692
CACO0693
CAC0694
CAC0695
CACO0696
CACO0697
CAC0699
CACO0700
CACO0702
CACO0703
CACO0704
CACO0705
CACO707
CACO0708
CACO0709
CACO0710
CACO0711
CACO0712
CACO0713
CACO0715
CACO0716
CACO0718
CACO0727
CACO0737
CACO0740
CACO0741
CACO0743
CACO0751
CACO0763
CACO0766
CACO0780
CACO0788
CACO0789
CACO0790
CACO0791
CACO0792
CACO0794
CACO0805
CACO0807
CAC0820
CACO0827
CACO0844
CAC0848

BSU06720
BSU36520
BSU36510
BSUO00930
BSU22340
BSU10200
BSU12300
BSU12370
BSU12310
BSU12380
BSU12390
BSU18360
BSU13930
BSU08930
BSU31540
BSU31550
BSU31560
BSU31570
BSU34200
BSU33950
BSU33940
BSU33930
BSU33920
BSU33910
BSU33900
BSU33610
BSU33600
BSU03860
BSU02060
BSU37790
BSU16640
BSU07360
BSU39260
BSU03670
BSU35080
BSU27000
BSU38460
BSU33300
BSU33310
BSU33320
BSU33290
BSU09670
BSU30870
BSU31260
BSU05120
BSU36220
BSU37120
BSU26730
BSU35280

yerQ
nrgB
nrgA
cyskE
nth
yhfE
uxaC
exuR
yjmB
uxaB
uxaA
YOXA
splB
cspR
yufN
yufO
yufP
yufQ
sigL
cggR
gapA
pgk
tpiA
pgm
eno
rnr
smpB
ycnD
ybxG
rocG
yIxP
yfmS
bglH
yclF
yvmB
yraB
tyrZz
fhuG
fhuB
fhuD
fhuC
dat
ytcB
mcpB
cspC
ywqG
fbaA
yrdF
YA

CAC2082
CAC2083
CAC2084
CAC2085
CAC2089
CAC2090
CAC2091
CAC2093
CAC2094
CAC2095
CAC2105
CAC2111
CAC2112
CAC2113
CAC2114
CAC2115
CAC2116
CAC2117
CAC2118
CAC2119
CAC2121
CAC2123
CAC2126
CAC2127
CAC2128
CAC2129
CAC2130
CAC2132
CAC2133
CAC2134
CAC2137
CAC2138
CAC2139
CAC2143
CAC2145
CAC2146
CAC2147
CAC2149
CAC2150
CAC2159
CAC2161
CAC2163
CAC2164
CAC2165
CAC2173
CAC2187
CAC2190
CAC2203
CAC2206

BSU24300
BSU24310
BSU24320
BSU24330
BSU24390
BSU24400
BSU24410
BSU24430
BSU24450
BSU24460
BSU24730
BSU15640
BSU15480
BSU15470
BSU15460
BSU15450
BSU30840
BSU27270
BSU15420
BSU15400
BSU15380
BSU15270
BSU15210
BSU15190
BSU04570
BSU15180
BSU15170
BSU15140
BSU15130
BSU40920
BSU15650
BSU40550
BSU16290
BSU16470
BSU16410
BSU16400
BSU16390
BSU16360
BSU16350
BSU16240
BSU16220
BSU16200
BSU16190
BSU16180
BSU34330
BSU37870
BSU37860
BSU35360
BSU35330

yqiB
folD
nusB
yghY
SpolllAE
spolllAD
spolllAC
SspolllAA
efp
yghT
comGA
yloA

pyrP
pyrR
ylyB
IspA
yteA
mtn
diviVA
ylimG
ylmE
sbp
SpoVE
mraY
murF
murkE
spoVD
yIxXA
yliB
yyaF
yloB
ppaC
flgE
sigD
ylxH
flhF
flnA
fliQ
fliP
flil
fliG
flie
flgC
flgB
yveO
spskE
SpskF
hag
flis

CAC3184
CAC3185
CAC3187
CAC3188
CAC3189
CAC3190
CAC3191
CAC3192
CAC3194
CAC3197
CAC3198
CAC3199
CAC3200
CAC3202
CAC3203
CAC3206
CAC3209
CAC3210
CAC3211
CAC3212
CAC3214
CAC3215
CAC3216
CAC3217
CAC3220
CAC3221
CAC3222
CAC3223
CAC3224
CAC3225
CAC3229
CAC3233
CAC3237
CAC3238
CAC3250
CAC3252
CAC3253
CAC3254
CAC3260
CAC3261
CAC3267
CAC3281
CAC3282
CAC3284
CAC3285
CAC3286
CAC3288
CAC3289
CAC3291

BSU00900
BSU00890
BSU00880
BSU00870
BSU00860
BSU00850
BSU00840
BSU00830
BSU15200
BSU00820
BSU27320
BSU00810
BSUO00700
BSU00690
BSU00680
BSU00630
BSU00600
BSU00590
BSU22790
BSU00580
BSU00560
BSU09950
BSU00550
BSU00530
BSU23120
BSU00510
BSU00500
BSU00490
BSU00470
BSU29790
BSU23820
BSU10940
BSU38810
BSU30480
BSU26810
BSU18480
BSU18470
BSU13130
BSU22360
BSU13540
BSU01730
BSU08220
BSU08210
BSU35480
BSU09460
BSU02450
BSU32710
BSU32670
BSU32690

yacM
yacL
yacK
radA
clpC
mcsB
mcsA
ctsR
murD
lysS
greA
yacF
yacB
ftsH
hprT
yabR
yabP
yabO
hbs
yabN
SpoVT
prsA
mfd
spoVC
resD
prs
gcaD
spoVG
purR
murC
yaim
yitC
msmX
ytgA
yrpC
proH
proJ
proA
asnS
ogt
sigW
yfiC
yfiB
YVIA
yhdG
ychB
yurY
yurU
csd
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CACO0849
CACO0850
CACO0864
CACO0869
CACO0872
CACO0873
CACO0875
CACO0878
CACO0879
CACO0880
CACO0887
CAC0892
CAC0894
CACO0896
CACO0897
CAC0898
CACO0899
CAC0901
CAC0907
CACO0908
CACO0909
CAC0921
CACO0930
CACO0931
CAC0935
CACO0936
CAC0937
CAC0938
CAC0939
CACO0940
CAC0941
CAC0944
CAC0947
CAC0963
CACO0965
CACO0972
CAC0973
CAC0974
CACO0976
CACO0977
CAC0984
CACO0985
CAC0986
CACO0990
CAC0991
CAC0998
CAC1002
CAC1006
CAC1012

BSU19540
BSU05480
BSU08290
BSU34790
BSU22060
BSU22070
BSU05160
BSU39490
BSU39480
BSU39500
BSU14520
BSU29750
BSU22700
BSU22710
BSU25660
BSU03150
BSU24470
BSU05940
BSU31280
BSU27540
BSU31230
BSU39470
BSU27250
BSU27260
BSU34930
BSU34920
BSU34910
BSU34900
BSU34890
BSU34880
BSU34870
BSU17890
BSU21790
BSU31150
BSU09540
BSU29130
BSU29450
BSU29440
BSU31380
BSUO05060
BSU32750
BSU32740
BSU32730
BSU00920
BSU27020
BSU32260
BSU31750
BSU30630
BSU18170

yodB
ydfN
yfid
trxB
pbuX
xpt
ydeD
yxeN
yxeO
yxeM
adeC
aroA
aroB
aroF
aroD
aroK

yghS
gcp
yugU
yrvM
tipB
yxeP
yrhB
yrhA
hisz
hisG
hisD
hisB
hisH
hisA
hiskF
tkt
yplQ
yubB
yhdO
icd
argG
argH
yuzA
IrpB
yusC
yusB
YUSA
gltx
yraA
hom
yueK
ytkD
yngA

CAC2209
CAC2210
CAC2215
CAC2216
CAC2218
CAC2219
CAC2220
CAC2221
CAC2222
CAC2223
CAC2224
CAC2232
CAC2233
CAC2234
CAC2235
CAC2237
CAC2238
CAC2239
CAC2241
CAC2242
CAC2243
CAC2251
CAC2260
CAC2261
CAC2262
CAC2263
CAC2264
CAC2268
CAC2269
CAC2271
CAC2272
CAC2273
CAC2274
CAC2275
CAC2282
CAC2283
CAC2284
CAC2285
CAC2295
CAC2296
CAC2301
CAC2304
CAC2305
CAC2307
CAC2308
CAC2315
CAC2331
CAC2332
CAC2333

BSU35370
BSU35380
BSU16320
BSU16310
BSU16330
BSU16450
BSU16430
BSU22720
BSU16420
BSU16460
BSU16440
BSU27620
BSU27500
BSU27510
BSU00730
BSU30970
BSU30960
BSU30950
BSU33490
BSU19120
BSU10790
BSU12880
BSU37890
BSU09930
BSU10630
BSU10620
BSU36900
BSU33520
BSU27550
BSU09840
BSU24790
BSU27590
BSU27600
BSU27610
BSU27710
BSU27720
BSU27730
BSU27740
BSU27820
BSU35510
BSU22320
BSU23410
BSU23420
BSU23460
BSU23470
BSU37820
BSU37810
BSU37830
BSU37840

CSrA
yViF
fliy
flim
cheY
cheC
cheA
cheR
cheB
cheD
chew
yrvi
trmyU
yrvO
cysK
glgC
glgbh
glgA
yvgw
yozA
asnO
ykcB
spsC
yhaM
addA
addB
glyA
yvgZ
aspS
hemz
yagXx
yrvi
relA
apt
tgt
queA
ruvB
ruvA
yrbC
yvyE
ponA
spoVAD
spoVAC
spollAB
SpollAA
spsK
spsL
spsJ
spsl

CAC3292
CAC3297
CAC3299
CAC3301
CAC3306
CAC3315
CAC3316
CAC3325
CAC3326
CAC3330
CAC3335
CAC3338
CAC3339
CAC3340
CAC3342
CAC3345
CAC3346
CAC3347
CAC3348
CAC3351
CAC3354
CAC3360
CAC3361
CAC3368
CAC3370
CAC3372
CAC3375
CAC3378
CAC3379
CAC3398
CAC3409
CAC3418
CAC3421
CAC3429
CAC3430
CAC3431
CAC3442
CAC3445
CAC3446
CAC3447
CAC3451
CAC3452
CAC3471
CAC3474
CAC3475
CAC3481
CAC3485
CAC3490
CAC3494

BSU32680
BSU19620
BSU31360
BSU03720
BSU29490
BSU39820
BSU37240
BSU03610
BSU03600
BSU02100
BSU32980
BSU05270
BSU07420
BSU38480
BSU13960
BSU39990
BSU02670
BSU02400
BSU02410
BSU02590
BSU18370
BSU40670
BSU36020
BSU08400
BSU08340
BSU05530
BSU26970
BSU04150
BSU25090
BSU38870
BSU18460
BSU37550
BSU33540
BSU05420
BSU05410
BSU05430
BSU16580
BSU33890
BSU08470
BSU38250
BSU17570
BSU17580
BSU32130
BSU09010
BSU36600
BSU05320
BSU40010
BSU20010
BSU19100
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yurV
yodJ
yugK
gerkB
tpx
htpG
ywiE
yckK
yckJ
cypC
yusZ
ydzF
yfmM
ywaC
ykwC
yxaF
ImrB
ybgF
ybgG
ycbP
yoeA
yybE
alsR
yfiu
padR
ydfR
adhB
ycsN
yafw
yxkA
gltC
ywhA
yvaB
ydfl
ydfH
ydfJ
polC
yvbK
yfhB
ywbO
xynP
xynB
guaC
yhcA
mta
ydeS
yxaD
yosT
yobV



CAC1022
CAC1023
CAC1024
CAC1025
CAC1036
CAC1037
CAC1039
CAC1048
CAC1054
CAC1084
CAC1088
CAC1089
CAC1090
CAC1098
CAC1099
CAC1218
CAC1231
CAC1233
CAC1234
CAC1235
CAC1240
CAC1241
CAC1242
CAC1248
CAC1249
CAC1257
CAC1259
CAC1260
CAC1261
CAC1262
CAC1263
CAC1265
CAC1266
CAC1267
CAC1274
CAC1275
CAC1278
CAC1279
CAC1280
CAC1281
CAC1282
CAC1283
CAC1284
CAC1285
CAC1286
CAC1287
CAC1288
CAC1289
CAC1290

BSU03520
BSU27860
BSU27870
BSU27850
BSU29180
BSU09660
BSU11510
BSU30520
BSU40320
BSU03410
BSU37090
BSU35000
BSU24890
BSU29090
BSU29060
BSU20270
BSU31170
BSU14010
BSU27910
BSU32240
BSU28050
BSU28040
BSU28030
BSU28000
BSU27990
BSU27960
BSU27940
BSU27920
BSU25650
BSU25640
BSU25630
BSU00480
BSU09210
BSU23190
BSU25550
BSU25540
BSU25510
BSU25500
BSU25490
BSU25480
BSU25470
BSU25460
BSU25450
BSU25440
BSU25430
BSU10030
BSU25410
BSU25400
BSU25360

srfAD
nadC
nadB
nadA
pyk
yheN
yibE
ytoA
rock
yckE
ywj
hprK
yagN
polA
ytaG
yorS
yulF
cheVv
pheB
thrB
maf
radC
mreB
minC
minD
rplu
rpmA
obg
ygel
ygeJ

ygeK
yabJ

yhcT
dacB
rpsT
gpr
lepA
hemN
hrcA
grpE
dnaK
dnal

ygeT

ygeU
ygeV

hit

rpsu
ygeY
yqfC

CAC2335
CAC2337
CAC2338
CAC2339
CAC2340
CAC2356
CAC2357
CAC2358
CAC2359
CAC2360
CAC2361
CAC2362
CAC2365
CAC2370
CAC2371
CAC2372
CAC2375
CAC2378
CAC2381
CAC2388
CAC2389
CAC2390
CAC2391
CAC2394
CAC2398
CAC2399
CAC2410
CAC2420
CAC2423
CAC2431
CAC2432
CAC2433
CAC2484
CAC2500
CAC2529
CAC2537
CAC2539
CAC2540
CAC2542
CAC2552
CAC2553
CAC2566
CAC2570
CAC2596
CAC2598
CAC2602
CAC2612
CAC2613
CAC2614

BSU35670
BSU09310
BSU14630
BSU01720
BSU28580
BSU28630
BSU28640
BSU28650
BSU28850
BSU28860
BSU28870
BSU37560
BSU13470
BSU00710
BSU25610
BSU00450
BSU11390
BSU16770
BSU14180
BSU11220
BSU11210
BSU11190
BSU11200
BSU03620
BSU28080
BSU28090
BSU08520
BSU18610
BSU14550
BSUO07710
BSU04480
BSU33000
BSU23950
BSU18070
BSU39870
BSU36530
BSU28330
BSU26650
BSU28680
BSU18740
BSU18730
BSU30490
BSU34120
BSU10390
BSU35980
BSU37500
BSU17610
BSU24850
BSU34550

gtaB
yhxB
speA
ybbK
mutSB
pheT
pheS
ySgA
rpIT
rpmi
infC
thrz
sspD
yacC
ygeM
sspF
appB
dapA
ykuQ
argD
argB
argC
argJ
yclA
folC
valS
ythG
yoaH
ykrA
yflE
ydbl
yVtA
yaiA
yneS
yxbD
YWOA
ysSnE
czcD
ysfC
yozG
yoaS
ytqB
yvfO
yhfw
yWsA
speE
xylB
glcK
pgcM

CAC3498
CAC3501
CAC3502
CAC3536
CAC3538
CAC3539
CAC3544
CAC3546
CAC3551
CAC3568
CAC3569
CAC3570
CAC3571
CAC3572
CAC3573
CAC3574
CAC3575
CAC3578
CAC3585
CAC3586
CAC3593
CAC3601
CAC3605
CAC3617
CAC3619
CAC3621
CAC3626
CAC3627
CAC3628
CAC3634
CAC3635
CAC3642
CAC3643
CAC3644
CAC3652
CAC3654
CAC3655
CAC3657
CAC3661
CAC3663
CAC3666
CAC3670
CAC3671
CAC3673
CAC3683
CAC3709
CAC3715
CAC3717
CAC3718

BSU32570
BSU32610
BSU32560
BSU40230
BSU40370
BSU37100
BSU09120
BSU40820
BSU02750
BSU29200
BSU29210
BSU24340
BSU36370
BSU24350
BSU11340
BSU15910
BSU15900
BSU11330
BSU14360
BSU16930
BSU40420
BSU23610
BSU40070
BSU10010
BSU23970
BSU23040
BSU22780
BSU13720
BSU13000
BSU11430
BSU11370
BSU11460
BSU11450
BSU11440
BSU36010
BSU33510
BSU33500
BSU02470
BSU12890
BSU33010
BSU33570
BSU30290
BSU30280
BSU17590
BSU04140
BSU31870
BSU40440
BSU40500
BSU40510

yurL
yurP
yurK
yydA
yycJ
murAB
yhcK
yyalL
natA
accA
accD
accC
ywpB
accB
fabF
fabG
fabD
fabHA
yknY
cinA
purA
nudF
gntP
yhaG
yaiy
fer
mtrA
ykvJ
ykfD
OppA
appF
oppD
oppC
oppB
alsS
yvgyY
yvgXx
ycbD
ykcC
cssR
yvak
amyC
amyD
xylIR
pbpC
yukA
dnaC
rpll
yybT
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CAC1292
CAC1293
CAC1295
CAC1299
CAC1300
CAC1302
CAC1319
CAC1320
CAC1321
CAC1325
CAC1329
CAC1331
CAC1332
CAC1337
CAC1338
CAC1339
CAC1340
CAC1341
CAC1345
CAC1346
CAC1347
CAC1353
CAC1354
CAC1355
CAC1361
CAC1362
CAC1390
CAC1391
CAC1392
CAC1393
CAC1394
CAC1395
CAC1396
CAC1404
CAC1407
CAC1412
CAC1414
CAC1415
CAC1422
CAC1423

BSU25330
BSU25320
BSU25290
BSU25210
BSU25200
BSU25180
BSU09280
BSU09270
BSU09290
BSU25110
BSU03570
BSU12350
BSU12340
BSU06900
BSU06910
BSU33960
BSU33970
BSU28780
BSU35830
BSU28800
BSU37110
BSUO07700
BSU22230
BSU13880
BSU30210
BSU30230
BSU06420
BSU06450
BSU06490
BSU06500
BSU06510
BSU06520
BSU06530
BSU14380
BSU39270
BSU02910
BSU02890
BSU02920
BSU31300
BSU09450

yqfF

yqfG
era

dnaG
SigA
yafN
glpF
glpP
glpK
yqfu
sfp
yimF
UXUA
cotJB
cotJC
arakE
araR
araD
ywtG
araA
ywjH
nagP
ypqE
glcT
bioD
bioA
purk
purC
purkF
purM
purN
purH
purD
fruR
bglP
yceE
yceC
yceF
yugS
yhdF

CAC2616
CAC2624
CAC2627
CAC2634
CAC2636
CAC2637
CAC2638
CAC2639
CAC2640
CAC2641
CAC2644
CAC2645
CAC2646
CAC2650
CAC2651
CAC2654
CAC2655
CAC2659
CAC2660
CAC2664
CAC2665
CAC2669
CAC2670
CAC2671
CAC2673
CAC2674
CAC2675
CAC2679
CAC2680
CAC2685
CAC2687
CAC2688
CAC2692
CAC2700
CAC2701
CAC2703
CAC2704
CAC2708
CAC2709
CAC2710

BSU24520
BSU32170
BSU29900
BSUO08730
BSU28190
BSU28200
BSU28210
BSU28220
BSU34540
BSU28230
BSU15520
BSU15510
BSU23310
BSU15540
BSU15530
BSU15490
BSU18190
BSU35110
BSU14860
BSU28350
BSU28360
BSU06690
BSU06680
BSU06670
BSU06620
BSU06610
BSU06580
BSU29930
BSU31350
BSU34570
BSU19220
BSU10900
BSU40850
BSU06360
BSUO00090
BSU06030
BSU06020
BSU24160
BSU28520
BSU28530

mntR
dapF
ytmQ
perR
ysxC
lonA
lonB
clpX
clpP
tig
pyrAB
pyrAA
sipS
pyrD
pyrK
pyrB
yngC
yviC
pycA
ysnB
ysSnA
gatB
gatA
gatC
ligA
pcrA
yerC
amyX
pyi
yvdK
yocl
yisY
maa
guaA
guaB
groEL
groES
mmgB
etfA
etfB

CAC3722
CAC3723
CAC3724
CAC3726
CAC3727
CAC3729
CAC3730
CAC3731
CAC3732
CAC3733
CAC3734
CAC3735
CAC3736
CAC3737
CAC3738
CAP0006
CAP0020
CAPO027
CAP0029
CAPO030
CAPO036
CAP0037
CAPO047
CAPO050
CAP0052
CAPO059
CAPO061
CAP0063
CAPO067
CAPO068
CAPO0073
CAPO090
CAP0103
CAP0104
CAPO0105
CAPO118
CAP0120
CAPO0131
CAPO0163
CAPO164
CAPO0168

BSU40890
BSU40900
BSU40910
BSU14210
BSU40950
BSU40960
BSU40970
BSU40990
BSU41000
BSU41010
BSU41020
BSU41030
BSU41040
BSU30680
BSU41050
BSU07820
BSU03700
BSU04320
BSU31480
BSU36490
BSU08950
BSU08940
BSU10240
BSU34390
BSU32870
BSU31050
BSU26900
BSU04360
BSU27050
BSU27040
BSU21470
BSU30450
BSU02970
BSU25790
BSU25780
BSU18150
BSU18160
BSU32880
BSU19730
BSU38980
BSU03040

rpsk
ssb
rpsk
ykuT
yyaC
spo0J
SOj
yyaA
gidB
gidA
thdF
jag
spolllJ
VA
rnpA
treR
gerKA
ydaO
yuxJ
ywoC
yhbE
yhbD
yhfl
pnbA
yusO
gbsB
yraL
mntH
levF
levG
sunT
ytrB
yceK
arsB
arsC
ynfF
xynD
yusP
yodS
scoB
amyE
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APPENDIX C: COMPILATION OF INFERRED REGULONSFOR

SPOOA AND SPORULATION RELATED SIGMA FACTORS

The following lists shows the gene nameBosubtilis (Bsu) and the gene accession number for

C. acetobutylicum (Cac).
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SigH regulon SpoO0A regulon SigF regulon SigG regulon

Bsu gene Cac number Bsu gene Cac number Bsu gene Cac number Bsu gene Cac number

YOXA CAC0697 ykuK CAC0166 csfB CAC0296 exoA CAC0222
sigA CAC1226  ywkD CACO0249 pak CACO0710 gerKA CACO0596
dnaG CAC1299 tkt CAC0944 tpiA CACO0711 gerKB CACO0597
glgP CAC1664  ycgL CAC1497  pgm CACO0712  gerKC CAC0598
ftsA CAC1692  yocl CAC2687 dacF CAC0993  yraD CAC0613
ftsZ CAC1693 accA CAC3568 gpr CAC1275 yraD CACO0613
spoVS CAC1817 accD CAC3569 spollP CAC1276 yrak CAC0614
Spo0A CAC2071 yueK CAC1002 tip CAC1487 yheV CACO0678
glgC CAC2237 dnaA CACO0001 sigG CAC1696  yuzA CACO0976
glgb CAC2238 dnaN CAC0002 ytfd CAC2059 dacF CAC0993
glgA CAC2239 yaaT CAC0301 spolVvB  CAC2072 gpr CAC1275
sigF CAC2306 yabC CAC0307 yhfw CAC2596 spollP CAC1276
spollAB  CAC2307 abrB CACO0310 lonB CAC2638 tip CAC1487
spollAA CAC2308 yknZ CAC0320 yghQ CAC2886 ydfS CAC1521
yvyD CAC2847 rocR CAC0459 spolIR CAC2898 sigG CAC1696
spoVG CAC3223 ftsE CAC0497 ksgA CAC2986 spolVB CAC2072
bsaA CAC1549 ftsX CAC0498 mcsA CAC3191 yteA CAC2116
ymaH CAC1834 yaaD CAC0594 yyaC CAC3727 SpoVAE CAC2302
yveO CAC2173 yaaE CAC0595 arsB CAP0104 spoVAD CAC2304
yviC CAC3073  tkt CAC0944 arsC CAP0105 spoVAC CAC2305
yoeA CAC3354 rock CAC1054 SSpA CAC2365
ycsN CAC3378 dnaG CAC1299 sspD CAC2365

fruR CAC1404 SspF CAC2372

yrrL CAC1685 splB CAC2900

ylmC CAC1697 cwiD CAC3092

codY CAC1786 ydfR CAC3372

diviVA CAC2118 yvaB CAC3421

ylimG CAC2119 spoVT CAC3649

ylmE CAC2121

flgC CAC2164

flgB CAC2165

yrvi CAC2273

relA CAC2274

apt CAC2275

yvyE CAC2296
ygxD CAC2825
metS CAC2991
ykaA CAC3094

rock CAC3164
spo0J CAC3729
sQj CAC3730

rpmH CAC3739
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sigK regulon SigE regulon SigE regulon

Bsu gene Cac number Bsu gene Cac number Bsu gene Cac number

asd CAC0022 bofA CACO0129 glnQ CACO0112
yhJQ CACO0075 spoVD CAC0329 ybbE CAC0181
ytwl CAC0092 spmA CACO0469 ybbD CAC0182
ribH CACO0593 spmB CACO0470 ybbC CACO0185
ytiD CACO0618 murB CACO0510 patA CAC0375
ytiC CAC0619 yjimC CACO0566 yncD CAC0492
ytcB CACO0794 SpoVR CAC0581 yhfN CACO0557
yrhB CAC0930 exurR CACO0693 prkA CACO0579
yrhA CAC0931 dacB CAC1267 yhbH CAC0580
ydfS CAC1521 spollP CAC1276 birA CACO0589
pdp CAC1546  yjmF CAC1331  yclF CAC0751
sigk CAC1689 UXUA CAC1332 nadA CAC1025
dapG CAC1810 cotJB CAC1337 YjbE CAC1039
Spsk CAC2187 cotJC CAC1338 yabJ CAC1265
spsF CAC2190  glgP CAC1664  ygfC CAC1290
asnO CAC2243 spolVA  CAC1713 ycgL CAC1497

spsC CAC2260 mmgB CAC2009 phoP CAC1506
spsK CAC2315 spollM CAC2068 phoR CAC1507

spsL CAC2331 spolllAE  CAC2089 yxiO CAC1585
spsJ CAC2332 spolllAD CAC2090 mgsA CAC1604
spsl CAC2333 spolllAC CAC2091 yloB CAC2137
cotF CAC2683 spolllAA CAC2093 spsC CAC2260
yojK CAC2716 spoVE CAC2126 hemz CAC2271
ppiB CAC2769 murG CAC2231 dapB CAC2379
gntP CAC2835 glgC CAC2237 ydbl CAC2432
yabG CAC2905  glgD CAC2238  ysnE CAC2539
thyA CAC3003 glgA CAC2239 sipS CAC2646
yitC CAC3233 asnO CAC2243 ysnB CAC2664
yrpC CAC3250  yaaH CAC2747  ysnA CAC2665
proJ CAC3253 SpolliID  CAC2859 yisY CAC2688
ydfR CAC3372 spolliD CAC2859 acdA CAC2711

guaC CAC3471 spollD CAC2861 yngF CAC2712
mmgA CAC2873 deaD CAC2748

cwiD CAC3092 ywlC CAC2882

yabP CAC3209 purR CAC3224

proH CAC3252

proJ CAC3253

yodS CAP0163

scoB CAPO0164
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APPENDIX D : CONSTRUCTION AND CHARACTERIZATION OF A SECOND

BUTYRATE KINASE MUTANT IN C. ACETOBUTYLICUM

D.1 Introduction

A major limitation in the genetic repertoire ©f acetobutylicum is the lack of a well-
developed and reproducible gene knockout methaghe®nockouts have been performed in the
past, but simple non-replicating plasmid approadtaa® been difficult to reproduce (Green and
Bennett 1996; Green, Boynton et al. 1996), andaafihg vectors are time-consuming requiring
extensive screening (Harris, Welker et al. 20(R¢cent efforts applying the group Il intron to
clostridia have shown good initial results, bustt@chnique is not readily modified for high-
throughput, genome wide studies (Heap, Penningtah 2007; Shao, Hu et al. 2007).
Additionally, the group Il intron system is commieity licensed and limits the potential for use
in developing industrially relevant strains.

We aimed to improve upon the gene knockout teclgyol® newly designed antibiotic
resistance gene was used to increase expressianaibighly expressed endogenous promoter.
As previous efforts utilizing antibiotic resistanecgrkers had limited success in isolating
genomic integrants, it was thought that by incregghe expression of the antibiotic resistance
genes might result in greater efficiency of mutantation. Although antibiotic markers for
erythromycin and thiamphenicol resistance have lnsed successfully with replicating cloning
vectors, these plasmid-borne markers have multipte copies in each cell, while chromosomal
integrants would have only one gene copy. To emeexpression and translation of the

thiamphenicol resistance gene, an optimized Shiglgddno sequence (AGGAGG) replaced the
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endogenous sequence and the gene was put undemtinel of the high expressiqgib

promoter.

For the choice of initial targets, we wanted todawene target that had been disrupted
before (to test and compare phenotypic data) &possible, to aid the design and development
of future strains. One target gene chose wasuhgdie kinase genbuk. buk is part of a bi-
cistronic operon also containing tpi gene. Together these two genes encode for theipso
that convert butyryl-CoA to butyrate. The initsldy that disrupted tHaik gene used a non-
replicating plasmid and was integrated into theofosome through a single crossover event
and screened using the erythromycin marker. Blisdisruption strain, PJC4BK, was
characterized using southern hybridizations, enzgssays, and grown in bioreactor
experiments to test for impact on butyrate formatad other fermentation products (Green,
Boynton et al. 1996). This strain produces higiele of butanol and the generation diuk
mutant with another antibiotic marker (thiamphefiegould aid the construction of improved
strains that did not rely on erythromycin, the masnhmonly used antibiotic in cloning vectors.
Here, we describe our own efforts to produdmilagene disruption strain, BKKO, and the

unexpected results from that strain.

D.2 Materialsand Methods

D.2.1 Plasmid and strain construction

A buk fragment was amplified using the primers bk_fwd
(ATATATGGCGCGCCATCAATCCTGGCTCGACCTCAACT) and bk_rev
(ATATATGGCGCGCCCGTTGTACGCAATTCCGCCTGTTAAG). The Rfragment was

then ligated into the pGW8-TOPO vector and digestigd (Nsil). The newly designed
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antibiotic marker was PCR amplified and ligateaitite digested vector as previously

described (Chapter 4) producing pPBKKO2F. The plidsras methylated and transformed as

previously described. Strains and plasmids usdisnstudy are shown in Table D.1

D.2.2 Enzyme assays

Cells were collected by centrifugation (5,000 ¥for 10 minutes and frozen. Cells
were thawed on ice and resuspended in lysis b(IftemM potassium phosphate pH 7.2 and 1
mM dithiothreitol) to an OD equivalent of 10 (el mL of OD 1.0 cells resuspended in 1 mL
lysis buffer). 1 mL of cell suspension was centygd and resuspended in lysis buffer. Cells
were lysed by sonication (power setting 4 for 1@utes). The lysate was centrifuged twice
(15,0009 for 20 minutes af@) and stored at°@. Protein was used the same day for
guantification and enzyme assays. Protein quaatiin used the Bradford method from a Bio-

Rad protein assay Kkit.

D.2.3 PTA assay

PTA activity was determined using a coupled resc{Brown, Jones-Mortimer et al.
1977). Acetyl-CoA formed by PTA is trapped by cendation with oxaloacetate in the presence
of citrate synthase. This reaction is couplechoreaction producing oxaloacetae and NADH
from L-malate. The formation of oxaloacetate wasasured at 340 nm as the formation of
NADH. The extinction coefficient for this reactiasm6.22 mM! cri’. The reaction contained
100 mM Tris (pH 8), 5 mM MgS£ 0.5 mM NAD, 0.5 mM CoA, 5 mM L-malate, 10 mM
acetyl-phosphate, 50 U L-malic dehydrogenase, réte synthase, andjl crude extract in 1
mL. Acetyl-phosphate was added to the other compisrto initiate the reaction. One unit of

PTA activity is defined as the amount of enzymealgaing the formation of tmol of NADH
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Strain or Plasmid Relevant CharacteriStics

Source or Referefice

Bacterial Strains
C. acetobutylicum
PJC4BK buk-
BKKO2F buk-
E. coli
Topl0
ER2275
Plasmids
pAN1 Crhy ®3T | gene, p15A origin
pSOS9% acetone operoptb promoter)
pLHKO® cm
pGW8-TOPO
PSOS94-CMptbCnT (ptb promoter)
pBKKO2F buk gene fragment, Chptb promoter)

ATCC
(Green, Boynton et al. 1996)
This study

Invitrogen
New England Blug

Mdrmelstein and Papoutsakis 1993)
Soucaille and ®apakis, unpublished
(Harris 2001)

Invitrogen
This study
This study

aCn, chloramphenicol/thiamphenicol resistance gettg;phosphotransbutyrylase gemed, alcohol/aldehyde dehydrogenase gehlethiolase

gene;adc, acetoacetate decarboxylase gewk; acetate kinase gerfaik, butyrate kinase gene.

PATCC, American Tissue Culture Collection, RockvillD

‘contains the following: ampicillin resistance gemecrolide, lincosimide, and streptogramin B resise genesepl, pIM13 Gram-positive

origin of replication; ColE1 origin of replication

TableD.6.1 Bacterial strainsand plasmids used in this study
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per minute at room temperature. PTA activity igoreed as units of activity per mg of

protein in the crude extract.

D.2.4 PTB assay

PTB activity was determined by monitoring the fatran of a complex between CoA
and 5’5’-dithiobis (2-nitrobenzoic acid) (DTNB) 412 nm (Wiesenborn, Rudolph et al. 1989).
The extinction coefficient is 13.6 miicm™. The reaction contains 100 mM potassium
phosphate (pH 7.4), 0.2 mM butyryl-CoA, 0.08 mM DB Nand 1ulL crude extract. Butyryl-
CoA was used to initiate the reaction. One un®P®B activity is defined as the amount of
enzyme catalyzing the formation ofuinol of the DTNB-CoA complex per minute at room
temperature. Specific PTB activity is reportediass of activity per mg of protein in the crude

extract.

D.2.5 AK and BK assay

AK activity was determined using the ability ofyaphosphates to rapidly form
hydroxamic acids at neutrality (Rose 1955). Hyamic acids are measured by the formation of
a colored ferric-hydroxamate complex in acid solti 300uL of fresh substrate solution (5 mL
of 3.2 M potassium acetate (pH 7.4), 1 mL of 1 NsTpH 7.4), and 200L of 1 M MgSQ,) and
350uL neutral hydroxylamine solution (5 mL of 4 M hydggamine-HCl and 5 mL of 4 M
potassium hydroxide) is combined with 2900f 10 fold diluted crude extract and incubated at
29°C. 100uL of 0.1 M ATP is used to initiate the reactiont 3\to 10 minute intervals, 2Q0
of the reaction is transferred to 20D of 10% TCA to stop the reaction. The mixture is
combined with 40QuL of 1.25% FeGJin 1 N HCI. The ferric-hydroxamate complex is

quantitated at 540 nm using an extinction coeffitigf 0.69 mM' cm*. One unit of AK activity
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is defined as the amount of enzyme catalyzingdhmation of lumol of the ferric-

hydroxamate complex per minute af@9 Specific activity is reported as units of aitfier
mg of crude extract. BK activity is performed imidentical fashion by substituting potassium

butyrate for potassium acetate.

D.3 Reaults

D.3.1 Transformation

In the past, efforts to transfor@ acetobutylicum with non-replicating plasmids for the
purpose of genomic integrations, large amountsiAvere used (1pg). We used similar
amounts of DNA and despite our attempts to incréasexpression of the antibiotic resistance
gene, very few recombinants were isolated (less thiansformant parg). However, unlike
previous attempts to duplicate past gene deletiosssformants were isolated, despite the low
efficiency.

Similar studies were performed in the pSOL1 defitsrain M5 and higher
transformation efficiencies were achieved (as laigli0 transformanisg). The M5 strain also
had higher transformation efficiencies with replieg plasmids, suggesting that chromosomal
integrations could be performed at higher efficieadn the WT, if the transformation protocol
could be improved. The transformation efficienéyhe replicating plasmids was found to be
about 4 orders of magnitude higher than for therimsomal integrations. This suggests that the
DNA is successfully being introduced into the ckilt the cellular machinery does not readily

integrate this DNA into the chromosome.
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D.3.2 PCR confirmation

Transformants from the electroporation were irligiatreened using colony PCR. This
confirmed the integration of the antibiotic selentmarker into the genomic locus desired. Once
the initial screening identified positive clones fbe integration, genomic DNA was isolated and
sequenced to confirm the exact nature of the ilmgertA set of four primer pairs was used to
span théouk gene locus, beginning upstream of the homologeg®ns and ending downstream
of the second homologous region. The integratich@plasmid into the chromosome was
determined to be a single crossover (Fig D.1).ifgle crossover event of the plasmid could
occur using either of the two homologous regionga@aed on the plasmid. The BKKO strain
used the second region of homology for integragiod did not undergo a second crossover
event.

A double crossover mutant would be desirable. iylsi crossover mutant still contains
both the genomic and plasmid boiné fragments and a crossover event could occur tisexc
the plasmid DNA resulting in a reversion to thedtype. To encourage this second crossover to
occur, the strain was grown in liqguid media andetatjvely transferred for 100 generations.
Following the 100 generations, individual colonmesre grown and analyzed using colony PCR.
Cells were grown in liquid media without antibioti®6 mutants were analyzed and none were
observed to have undergone any genomic rearrangdraanthe original single crossover. This
shows that the single integration is very stabl# @so that recombination machinery within the

cell is not very active.
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Figure D.1 Genetic sequence and homologous recombination of BKK O2F
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D.3.3 Product for mation

The BKKO2F and PJC4BK strains were grown in stiisk and sampled for product
formation. The average results for two replicated wildtype data are shown in Table D.2. The
PCJ4BK strain shows enhanced production of botartmitand ethanol as has been shown
previously. Additionally, acetone formation is dessed dramatically compared to the WT.
Both acetate and butyrate are produced at verydoels and nearly completely re-assimilated
by PJC4BK. The BKKOZ2F strain shows a dramatictshiproduct formation that has never
been seen before. Butanol and acetone are bawelyged reaching levels of just five and three
mM. No butyrate was detected in any timepoint,l@vhcetate levels were comparably high in
this strain. Ethanol formation was the dominamidpict produced reaching 95 mM, but was
responsible for about two-thirds of the productsdoiced, an ethanol selectivity never before

observed in this strain.

D.3.4 Enzyme assays

Based on the product formation a major differescthe lack of butyrate formation in the
BKKO strain. The PJC4BK strain has previously bseown to have enhanced PTB activity
and it was thought that the BKKO integration magodkad to decreased PTB activity. This
decreased PTB activity might help to explain thek laf butyrate and possible further implicate

butyryl-phosphate as a signaling molecule and sacggor strong butanol production.
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Product ConcentratiofraM)

Strains
Butanol Etiol Acetone Acetate Butyrate
824 162 23 94 17 19
PJC4BK 180 96 50 4 13
BKKO2F 5 95 3 44 0

Table D.6.2 Product formation of buk- strainsand the wildtype strain
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All enzymes in both the acetate and butyrate folmngtathways were assayed for their

activity in both mutant strains and also the wifgystrain (Fig D.2). The butyrate kinase assay
for all strains shows exactly what is expected, elgmearly a lack of activity in both mutant
strains, while high activity is present in the Wifagh. Comparing the PTB activity there does
not seem to be a significant difference betweersttens. PTB activity is highest in the 824
strain, but there is not a dramatic difference leetwthe strains, and certainly there are
significant levels of PTB activity in the BKKO stra

In the acetate formation pathway, acetate kinaseity is highest in the BKKO strain,
but both the WT and the PJC4BK strain show a birhadavity profile. Examining the PTA
activity, PJC4BK has the highest activity in 3 otid timepoints analyzed, but PTA activity is
high in all strains tested. Overall, the dominasult is the lack of BK activity in the two

mutants, but no other insight is readily availdibten these assays.

D.4 Discussion

Here we have constructed a new butyrate kinasenhatal compared it against the WT
and another butyrate kinase mutant. Despite cliosidasities in the genomic disruption both
occurring from single crossovers (although bothdwdiéferent vector backbones), and similar
enzyme activity profiles, dramatic differences moguct formation are evident. It was initially
suggested that the BKKO strain may also suffer feolack of PTB activity, but this has not

been supported by the enzyme assays.
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Figure D.2 Enzyme assays of wildtype and buk- strains.

Enzyme activity of WT (closed circles), PJC4BK (osgjuares), and BKKO2F (open triangles)

are shown. Growth of all strains were normalizedri OD of 1.0 at hour zero.
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Despite the questions regarding the mechanismedbttk of butyrate formation, the

BKKO strain may be a valuable strain for probinigagtol formation in this strain and serve as a
basis for ethanol production. Large ethanol titerge never been observed without significant
butanol formation. In those previous cases, itheen suggested that increaaad expression

or aad overexpression was responsible for the large atsafrethanol.C. acetobutylicum has a
pyruvate decarboxylase gene and it may be resgerfsibthe large ethanol titers observed here,
suggesting a new model for ethanol formation is #train. It is also curious that no butyrate is
formed in BKKO2F. Typically, when one acid pathwaylownregulated or disrupted, the other
pathway exhibits cross-reactivity, allowing bothdscto be formed. Additionally, almost no
acetone is formed in this strain. It may be thatgenes for acetone formation are not induced in
this strain. The in vitro data suggest that aedatat preferred substrate for re-assimilation and
acetone formation, but despite available acetate, httle acetone was formed in the BKKO2F

strain that produces no butyrate.



