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Figure 1 Synthetic pathway to convert acetic acid to acetone. Acetic acid diffuses freely into the cell following hydrolysis of acetylated polysaccharides and
is then activated to acetyl-CoA by acetate kinase (1), phosphotransacetylase (2), and a half-reaction of CoA-transferase (4). Two acetyl-CoA molecules are then
converted to acetoacetyl-CoA by thiolase (3), acetoacetate by the other half-reaction of CoA-transferase, and finally to acetone and CO, by acetoacetate
decarboxylase (5). Although the synthetic pathway shares a common intermediate with the ethanol production pathway, carbohydrate to ethanol production
remains highly coupled due to the requirement to balance NAD(P)+/NAD(P)H generation. Hydrogenases (6) act to uncouple electron acceptor regeneration
and ethanol formation, resulting in production of acetic acid through the reversible acetate kinase and phosphotransacetylase pathway.

conditions [19-22]. Although the bulk concentration of
acetic acid remained constant in evolved ethanologen
strains containing pta and ack, we hypothesize that la-
beled acetate is reversibly converted into labeled acetyl-
CoA, a fraction of which is then irreversibly converted
into labeled ethanol. The intracellular acetyl-CoA pool is

also fed by unlabeled carbohydrate metabolism and, assum-
ing that "*C label is not differentially recognized, can be
equally used to produce acetate or ethanol. Carbohydrate-
derived acetyl-CoA then acts to dilute the labeled acetate/
acetyl-CoA pool and allows the creation of labeled ethanol.
Due to stoichiometric coupling with hydrogen formation,

Wildtype

[ M699 ] [ M694 ] [ M700 ] [ M731 ] [ M734 ] [ M863 }

isolation and re-sequencing.

Figure 2 Lineage of strains selected for improved growth rate and ethanol production in this study. M0355 carries deletions of the Idh, pta, and ack but
was not selected for improved growth rate. The lineages resulting in M0694, M0699, and M0700 were cultivated in continuous culture to select for improved
growth properties. The lineages resulting in M0731, M0734, and M0863 were exposed to chemical mutagenesis and serial transfer for improved growth
properties; the lineage resulting in M0863 was subsequently cultured in continuous culture. All strains were isolated as single colonies prior to genomic DNA
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Table 1 Strains used in this study
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Strain Description Source
MO0010 T. saccharolyticum JW/SL-YS485 DSM 8691 DSMZ
MO0355 T. saccharolyticum Apta Aack Aldh (16)
M1291 T. saccharolyticum Apta Aack Aldh Cth ureABCDEFG This study
M1442 T. saccharolyticum Apta Aack Aldh Cth ureABCDEFG This study
M1667 T. saccharolyticum Apta Aack Aldh:Tsa pta ack kanR Cth ureABCDEFG This study
M2030 T. saccharolyticum Apta Aack Aldh:Tsa pta ack Cac thl Tme thl Tte thl This study
Cac ctfAB Tme ctfAB Cac adc Bam adc kanR Cth ureABCDEFG
M2202 T. saccharolyticum adhE*:kanR This study
M2203 T. saccharolyticum adhE:kanR This study
M2204 T. saccharolyticum hfs*:kanR This study
M2205 T. saccharolyticum hfs:kanR This study
M2212 T. saccharolyticum Apta Aack Aldh:Tsa pta ack Tte thl Tme ctfAB Bam adc kanR Cth ureABCDEFG This study
Top10 E. coli cloning strain Invitrogen, Madison, WI
FY2 S. cerevisiae cloning strain (37)
Re-sequenced strains with improved growth rate
M0694 T. saccharolyticum Apta Aack Aldh continuous cultured adapted This study
M0699 T. saccharolyticum Apta Aack Aldh continuous cultured adapted This study
M0700 T. saccharolyticum Apta Aack Aldh continuous cultured adapted This study
MO0731 T. saccharolyticum Apta Aack Aldh mutation and serial transfer This study
MO0734 T. saccharolyticum Apta Aack Aldh mutation and serial transfer This study
MO0863 T. saccharolyticum Apta Aack Aldh mutation and serial transfer This study

DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen.

net acetate formation is arrested via the evolutionarily ac-
quired /fs mutations while the capacity to convert acetate
to acetyl-CoA is retained.

Construction of a synthetic pathway for the conversion of
acetic acid to acetone

Exogenously added acetone is substantially less inhibi-
tory than acetic acid to T. saccharolyticum in the pH
range of 5.0 to 5.5 relevant to industrial fermentation
(Figure 4). Additionally, conversion of two molecules of
acetic acid results in one molecule of acetone, further

Table 2 Mutations identified by re-sequencing

lowering the potential for acetone inhibition. Solvento-
genic Clostridia such as C. acetobutylicum have native
biochemical pathways to convert acetic acid into acetone,
although they are intricately coupled to carbohydrate me-
tabolism. We began by importing the C. acetobutylicum
acetone pathway, inclusive of thiolase, acetate:acetoacetyl-
CoA-transferase, and acetoacetate decarboxylase (th! ctfAB
adc) as well as the T. saccharolyticum acetate kinase and
phosphotransacetylase into the T. saccharolyticum expres-
sion plasmid pMU1299 that integrates at the Ildh locus.
Despite conferring acetone production in E. coli (Table 4),

Gene Locus tag ORF nt DNA mutation Coding change Occurrence in strain
adhE Tsac_416 1630 G—A G—-D MO0734, M0863
adhE Tsac_416 1804 CoT S—L M0699

adht Tsac_416 1808 A—G E—-G M0694, M0700
hfsA Tsac_1550 159 A—- Frameshift M0700

hfsB Tsac_1551 434 A— - Frameshift MO734, M0863
hfsB Tsac_1551 652 A—- Frameshift MO0731

hfsC Tsac_1552 255 A— - Frameshift MO0699

hfsD Tsac_1553 193 G—A A—T M0699

hfsD Tsac_1553 321 A>T R—S M0863

hfsD Tsac_1553 787 G—A E—K MO0734




Shaw et al. Biotechnology for Biofuels (2015) 8:75

Page 5 of 12

Table 3 Re-introduction of spontaneous adhE and hfs hydrogenase mutations that occurred during growth adaptation
of the Aldh, Apta Aack ethanologen strain M0863 into wildtype (WT) T. saccharolyticum

Units in mM
Strain Genotype Cellobiose consumed Lactate Acetate Ethanol Carbon recovery (%)
M0010 WT 282+06 138+05 347+07 635+23 99
M2202 adhE*zkan® 30200 24+0.1 423+03 765+ 06 100
M2203 adhEzkan® 277 £26 14+02 290£16 784 +£86 98
M2204 hfs*:kan" 299+0.1 203+05 42+0.1 91.7+06 97
M2205 hfs:kan® 281+0.7 99+22 298+1.1 679+2.7 96

*mutations found in evolved strain M0863 introduced by homologous recombination. Data are average of four replicates, anaerobic TSC7 medium, 55°C, 24-h
fermentation of 30.4 £ 0.7 mM cellobiose. Mutations were created via homologous recombination of a kanamycin resistance marker downstream of the hfs operon
that contained mutations in the upstream flanking region. M2202 - kan® inserted 3' of the adhE gene, with the M0863 mutant adhE sequence. M2203 - kan®
inserted 3' of the adhE gene, with the WT adhE sequence. M2204 - kan® inserted 3’ of the hfs gene operon, with the M0863 mutant hfs sequence. M2205 - kan®

inserted 3' of the hfs gene operon, with the WT hfs sequence.

we could find no evidence of acetone formation upon inte-
gration of the plasmid in T. saccharolyticum. While RT-
PCR experiments (not shown) indicated transcriptional
activity of the acetone pathway genes, a likely issue was
temperature incompatibility of the donor and host organ-
ism; C. acetobutylicum has grown optimally between 30°C
and 37°C, while T. saccharolyticun’s growth rate drops pre-
cipitously below 48°C, the lowest temperature where we
assayed for acetone formation.

We next looked for thermophilic acetone producers but
could not find a native acetone producer with an optimal
growth temperature higher than 43°C [23]. We could,
however, find homologs to each of the three enzymes in
the acetone pathway residing in the sequenced genomes
of thermophilic bacteria (Table 5). None of these thermo-
philes were reported to produce acetone, and the entire

pathway was not present in a single organism. To explore
the ability of these genes to produce acetone, we opted to
progressively incorporate expression vectors harboring
thermophilic acetone pathway homologs into T. saccharo-
lyticum and assay the resulting strains for acetone produc-
tion. Qualitative evidence of ketone body formation was
first identified in strain M2030 (Figure 5), which con-
tained, in addition to the 7. saccharolyticum ack and pta
genes, three thl genes, two ctfAB gene operons, and two
adc genes. We then constructed strains with minimal sets
of acetone pathway genes while continuing to assay for
acetone formation; the most efficient acetone producer,
M2212, was created by expression of a putative thiolase
from Thermoanaerobacterium thermosaccharolyticum
DSM 571, a putative CoA-transferase from Thermosipho
melanesiensis DSM 12029, and a putative acetoacetate
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Figure 3 Fate of '°C,-labeled acetate during strain M1667 carbohydrate fermentation. Strain M1667 was grown in batch fermentation in a 3:2 weight
mixture of maltodextrin and cellobiose at a concentration of 900 mM glucose equivalents and 45 mM acetic acid at an initial pH of 60. At 18 hours, the
culture was spiked with 15 mM sodium acetate-">C. Bulk metabolite measurements (A) and °C label (B) were monitored for extracellular acetic acid
(filled triangles) and ethanol (crosses). No appreciable label was found in metabolites other than acetic acid and ethanol. Data is from one representative
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Figure 4 Maximum growth rate of T. saccharolyticum in the presence
of exogenously added acetic acid or acetone at pH 5.0 and 5.5 in TSC7
medium with 10 g/L cellobiose at 55°C. Open circles - acetic acid pH 5.0,
open diamonds - acetic acid pH 5.5, filled squares - acetone pH 5.0, filled
triangles - acetone pH 5.5. Data represent the mean of triplicate cultures
+/— one standard deviation.

decarboxylase from Bacillus amyloliquefaciens FZB42. The
T. thermosaccharolyticum thi is part of a gene operon with
several homologs involved in butanol production, and the
organism has been reported to produce butanol [24]. T.
melanesiensis ctfAB is adjacent to a thiolase in its native
genetic organization, which could potentially be involved in
acetoacetate degradation. The B. amyloliquefaciens adc ap-
pears to be independently transcribed; however, the native
function of either enzyme is not obvious based on genetic
organization and the known physiology of these organisms.

Strain M2212 was also assayed for the in vitro ability to
catalyze conversions along the pathway of acetyl-CoA to
acetone. Table 6 shows data collected from cell-free extract
measurements of thiolase, CoA-transferase, and acetoacetate

Table 4 Acetone production in E.coli

Glucose Lactic Acetic Ethanol Acetone
Media 245 00 42 0.0 0.0
TOP10+pMU1299  16.1 59 3.1 0.5 1.8
TOP10 + pACYC177 195 36 5.1 04 0.0

Fermentation end point at 170 hours, in LB media supplemented with 25 g/L
glucose, 4 g/L acetic acid, and 50 pg/mL kanamycin sulfate. Microaerobic
conditions were utilized by inoculation into sealed 125 mL pressure bottles
with atmospheric pressure air. Incubation was performed without agitation at
30°C, with a 1/10" v/v inoculation from aerobically grown overnight LB media
supplemented with kanamycin.
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decarboxylase from strain M2212 and M1442, the direct
parent ethanologen. While activities for these enzymes were
at or below the limit of detection with strain M1442, detect-
able levels were found for each step with strain M2212.

Expression of the synthetic acetone pathway improves
ethanol productivity and titer in the presence of acetic acid
Strain M2212 and strain M1442 were grown in batch
fermentation in the presence of acetic acid (Figure 6).
M2212 reduced the overall acetic acid concentration by
2.8 g/L, which in combination with an increase in the
pH, reduced the undissociated acetic acid concentration
from an initial 1.3 g/L to below 0.6 g/L. 0.78 g/L acetone
was produced, a value lower than that expected from
the theoretical 0.5 g/g conversion of acetic acid to acet-
one. However, this measurement may also reflect some
acetone evaporation during fermentation gas release, as
the boiling point of acetone, 54°C, is slightly below the
55°C fermentation temperature. In contrast, fermenta-
tion with strain M1442 resulted in a small 0.4 g/L in-
crease in acetic acid, while the undissociated acetic acid
concentration rose to over 4.3 g/L as a result of declin-
ing pH during the fermentation. From Figure 4, a 50%
decrease in pmax occurs at an undissociated acetic acid
concentration of 0.61 to 0.81 g/L. The decline in pH
with strain M1442 is likely a result of assimilation of
ammonium sulfate and carbonic acid generated during
production of carbon dioxide. The conversion of acetic
acid to acetone completely reversed this pH trend in
strain M2212.

Strain M2212 has favorable ethanol fermentation met-
rics as well; compared to M1442, the final ethanol titer
was 33.1 g/L higher, an increase of more than 300%. Volu-
metric productivity at 48 hours rose from 0.22 g/L hr™* to
0.92 g/L hr', also an increase of over 300%. Final meta-
bolic yields, as a measure of gram ethanol produced per
gram glucose equivalent consumed, were 0.48 g/g for
M1442 and 0.50 g/g for M2212.

Discussion

The observation that re-introduction of ack and pta in
evolved ethanologen strains resulted only in minute
amounts of acetic acid production was surprising; the
genes had initially been removed to eliminate acetic acid
production, which can account for up to 30% of total
organic end products on a molar basis in wildtype cells
[17,25]. Predicting that evolutionary selection had imparted
mutations resulting in this phenotype, we examined the gen-
ome sequences of several strains descended from strain
MO0355 that had been serially or continuously cultured for
several generations. We identified two mutational hotspots,
in the /fs hydrogenase gene operon and the adhE bifunc-
tional acetaldehyde/alcohol dehydrogenase, that could be
rationally predicted to impact acetic acid production.
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Table 5 Genes tested for acetone production in T.saccharolyticum

Source strain Topt(°C) Gene Genbank protein
Thermoanaerobacterium saccharolyticum DSM 8691 60 pta ACA51668
Thermoanaerobacterium saccharolyticum DSM 8691 60 ack ACA51669
Clostridium acetobutylicum ATCC 824 35 thl NP_349476
Thermosipho melanesiensis DSM 12029 70 thl YP_001306374
Kosmotoga olearia DSM 21960 65 thi YP_002940320
Thermoanaerobacterium thermosaccharolyticum DSM 571 60 thl YP_003852249
Thermoanaerobacterium thermosaccharolyticum DSM 571 60 actA CAA93155
Clostridium acetobutylicum ATCC 824 35 CtfA NP_149326
Thermosipho melanesiensis DSM 12029 70 CtfA YP_001306376
Kosmotoga olearia DSM 21960 65 ctfA YP_002940319
Clostridium acetobutylicum ATCC 824 35 ctfB NP_149327
Thermosipho melanesiensis DSM 12029 70 ctfB YP_001306375
Kosmotoga olearia DSM 21960 65 ctfB YP_002940318
Clostridium acetobutylicum ATCC 824 35 adc NP_149328
Acidothermus cellulolyticus B11 ATCC 43068 55 adc YP_872855
Bacillus amyloliquefaciens FZB42 BGSC 10A6 50 adc YP_001422565

Topt is the optimal temperature for growth of the source strain.

Figure 5 Rothera’s test (1) for acetone and acetoacetic acid formation performed on spent fermentation medium, initially containing 50 g/L
cellobiose and 5 g/L acetic acid. From left to right, M2030, M1675 4+ pMU131 (the immediate parent strain of M2030), and uninoculated medium.
Acetone and acetoacetic acid are characterized by a purple/red coloremetric reaction with sodium nitroprusside in the presence of saturating
ammonia. To perform the test, 4-mL samples were saturated with ammonium sulfate, and 5% sodium nitroprusside was added followed by an
overlay of 1 mL 25% ammonium hydroxide. Photograph was taken 18 hours after addition of sodium nitroprusside.




