

















Genomic and Proteomic Analyses of C. tyrobutyricum

FIG 3 Protein changes of the central metabolic pathway in C. tyrobutyricum. The protein changes are from TMT-labeled identification results. Genes which
products were identified are indicated in blue. Genes indicated in black are those genes whose products were not identified in TMT-labeled samples but were
identified in label-free samples. Genes indicated in red are those genes whose products were not identified both in TMT-labeled and label-free peptide samples.

Glucose-6-P, glucose-6-phosphate; Fd,, oxidized ferredoxin.

DISCUSSION

C. tyrobutyricum is a potentially versatile microbial cell factory for
the production of various chemicals due to its proven ability to
produce butyric acid to a high titer with high-level product toler-
ance. It is however difficult to perform metabolic engineering of
this strain due to the lack of understanding of its genotypic and
metabolic characteristics at the genome level. This is why we de-
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cided to determine the complete genome sequence beyond an
available draft genome sequence and perform genome-wide pro-
teomic studies during the course of batch fermentation. One in-
teresting feature of the C. tyrobutyricum genome is its compact-
ness; its genome size is about 78% and 65% of that of its closest
relatives C. kluyveri and C. ljungdahlii, respectively (Table 1). The
C. tyrobutyricum genome contains 20 multiplicated genes encod-
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FIG 4 Butyricacid production in C. tyrobutyricum KCTC 5387 (ATCC 25755) depends on butyrate:acetate CoA transferase, not phosphotransbutyrylase (PTB)
and butyrate kinase (BK). (A) Hypothesized pathway of butyric acid production in C. tyrobutyricumn KCTC 5387. (B) Specific activities of PTB and BK in the
crude extracts of C. tyrobutyricum (Cty) and C. acetobutylicum (Cac) ATCC 824. C. acetobutylicum was chosen as the positive control, as it has PTB and BK
activities. (C) Specific activities of butyrate:acetate CoA transferase in the C. tyrobutyricum KCTC 5387 crude extract. The assay was performed in the presence
(+) orabsence (—) of sodium acetate (SA). (D) RT-PCR of four candidate CoA transferase genes in the wild-type (WT) and catI::int strains of C. tyrobutyricum.

The thiolase gene was chosen as the internal control.

ing putative transposases, whereas at most, 5 genes are present in
the C. ljungdahlii genome. This large number of insertion se-
quence (IS) elements might contribute to the loss of genes in C. ty-
robutyricum via homologous recombination (42). A region with
inverted GC skew located from 318° to 322° of the chromosome
strongly supports our hypothesis (Fig. 1). This inverted region is
flanked by two duplicated transposase genes (CTK_C27190 and
CTK_C27510) oriented in the opposite direction, indicating that
this inversion is due to homologous recombination.

From the whole-genome and shotgun proteome data, most
genes involved in central metabolism could be identified. On the
basis of the genome information, C. tyrobutyricum depends on the
nonoxidative PP pathway to synthesize precursors of nucleotides
and amino acids. However, transaldolase was not identified in the
shotgun proteome; additional rpi and tkt genes, distantly located
from the rpi-tal-tkt operon, were actively expressed (Fig. 3). It was
suggested in Clostridium stercorarium, which does not have a
transaldolase gene but utilizes xylose as the sole carbon source,
that 3-deoxy-p-arabino-heptulosonate-7-phosphate  synthase
might replace the role of transaldolase (43). In C. tyrobutyricum,
this gene (CTK_C27090) was strongly expressed (see Data Set S1
in the supplemental material), supporting this hypothesis.

As clostridial species do not have an oxidative phosphorylation
mechanism, a major role of tricarboxylic acid (TCA) cycle might
be the generation of precursors for various building blocks includ-
ing amino acids. It is suggested that C. acetobutylicum uses a bi-
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furcated TCA cycle (44, 45). Several key enzymes, including (Re)-
citrate synthase, pyruvate carboxylase, NAD-dependent malic
enzyme and malate dehydrogenase, were identified in the shotgun
proteome of C. tyrobutyricum. Unlike C. acetobutylicum, however,
a-ketoglutarate:ferredoxin oxidoreductase, which is required for
the synthesis of succinyl-CoA from a-ketoglutarate, is absent in
the C. tyrobutyricum genome and also in the genomes of
C. kluyveri and C. ljungdahlii. Since these strains have only homo-
serine O-succinyltransferase, how succinyl-CoA is synthesized for
methionine biosynthesis remains a question.

In many clostridial species, ferredoxin mediates the electron
transfer of several enzymes including hydrogenase and pyruvate:
ferredoxin oxidoreductase. Pyruvate:ferredoxin oxidoreductase
uses ferredoxin as the major electron acceptor under high-iron
conditions, but flavodoxin is an alternative electron acceptor
when iron is limited (46). The expression of one flavodoxin pro-
tein (CTK_C2203) dramatically increased from the late exponen-
tial phase (ca. 10-fold); in fact, estimated abundance of the flavo-
doxin protein based on its NASF value indicated that this protein
constituted ca. 3% of the total proteins identified. This result is in
agreement with the previous findings using Clostridium formi-
coaceticum (46).

One of the most striking findings was that C. tyrobutyricum
uses the CoAT pathway for butyric acid production, rather than
the PTB-BK pathway. The strain employed for genome sequenc-
ing in this study was C. tyrobutyricumn KCTC 5387, which is the

May/June 2016 Volume 7 Issue 3 e00743-16

1sanb Aq 6T0Z ‘02 AeN uo /610" wse olquy//:dny wody papeojumod


mbio.asm.org
http://mbio.asm.org/

same strain as ATCC 25755 that has been draft sequenced before.
The partial sequence of the pta gene reported for ATCC 25755
(12) is almost identical to that of the KCTC 5387 strain (see Fig. S1
in the supplemental material for amino acid sequence alignment).
In the case of ack (11), however, neither nucleotide nor amino acid
sequence is similar to that of the KCTC 5387 strain (see Fig. S2 for
amino acid sequence alignment). In fact, the partial AK sequence
reported by X. Liu et al. (11) is exactly the same as that of the
Acinetobacter sp. strain AK. Y. Zhang et al. (13) have reported
inactivation of the ptb gene in C. tyrobutyricun ATCC 25755.
However, there were neither ptb nor buk in the complete genome
of the C. tyrobutyricum KCTC 5387 strain, which was further sup-
ported by in vitro enzyme assay (Fig. 4B). Just in case the KCTC
5387 strain deposited at the Korean Collection for Type Cultures
(KCTQ) is different from ATCC 25755, we ordered a new ATCC
25755 strain from ATCC and examined the newly obtained strain
for the presence of ptb; the ptb fragment could be amplified nei-
ther from KCTC 5387 nor from ATCC 25755 and DSM 2637
(Fig. S4). Thus, the previous results reported on the presence and
knockout of ptb (13) need to be validated.

Despite the absence of ptb and buk, C. tyrobutyricum is still
capable of producing a large amount of butyric acid using bu-
tyrate:acetate CoAT (Fig. 4C; see Fig. S5 in the supplemental ma-
terial). Based on our results of homology-based search, RT-PCR,
and proteome analyses, the cat] gene was found to be responsible
for this activity (Fig. 3 and 4D). We tried disrupting the pra, ack,
and catl genes using a mobile group II intron, but all of these
attempts were not successful. On the basis of our hypothesis
(Fig. 4A), elimination of acetate biosynthesis would lead to no
fermentation end product; thus, the pta and ack genes are essen-
tial. It is known that electron transfer from NADH to ferredoxin is
thermodynamically infeasible in clostridial species, and butyryl-
CoA dehydrogenase bifurcates electrons from two NADHs to
crotonyl-CoA and ferredoxin (47). Reduced or lack of butyric acid
production seems to affect the electron bifurcation, which makes
the cells unable to oxidize NADH; this is most likely why the cat1
gene could not be knocked out. The ATP yield obtainable through
the use of butyrate:acetate CoAT is equivalent to that obtainable
with PTB-BK because butyrate formation by CoAT is coupled
with acetate formation during which ATP is generated.

Endospore formation is one of the important characteristics of
clostridia. For the initiation of sporulation, clostridial strains di-
rectly phosphorylate SpoOA by orphan HKs. As in other clostridial
species, spoOF and spoOB are not present in the C. tyrobutyricum
genome, suggesting that the SpoOA protein might be directly
phosphorylated by orphan HKs. However, even though two genes
encoding putative orphan HKs (HKs; CTK_02350 and
CTK_C04290) are found in the C. tyrobutyricum genome, the
products of these two genes were not identified in the proteome
samples. The current clostridial sporulation model is based on the
transcriptional changes, and our result does not necessarily sug-
gest that C. tyrobutyricum has a different mechanism for sporula-
tion initiation. This should be addressed in the future by construc-
tion of various mutant strains and comparison of transcriptional
and translational level changes in these mutants.

In this paper, we reported the complete genome of C. tyrobu-
tyricurn KCTC 5387 (ATCC 25755). On the basis of genomic and
accompanying proteomic analyses during the course of batch fer-
mentation, we were able to provide new insights on its butyric acid
production pathway, energy conservation mechanisms, sporula-
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tion processes, and other metabolic characteristics. The results
and data presented in this paper will be valuable in better under-
standing the physiological characteristics of C. tyrobutyricum and
developing metabolic engineering strategies for constructing
high-performance strains capable of producing various chemicals
of interest. As stated above, it will also be important to validate
previous results of butyric acid production through the reported
PTB-BK pathway (13), as our results suggest that this pathway
does not exist in the same strain examined (KCTC 5387 or ATCC
25755); instead, butyric acid is produced through the CoAT path-
way in C. tyrobutyricum.

MATERIALS AND METHODS

Batch fermentation of C. tyrobutyricum. C. tyrobutyricum spores sus-
pended in 2X YTG medium (glucose, 5 g liter ~!; NaCl, 4 g liter ~!; Bacto
yeast extract, 10 gliter!; Bacto tryptone, 16 g liter 1) supplemented with
15% (wt/vol) glycerol were inoculated in 10 ml of 2X YTG medium and
heat shocked at 80°C for 10 min to kill the vegetative cells remaining in the
suspension. After the heat shock, the test tube was incubated at 37°C in an
anaerobic cabinet (Coy Laboratory Products, MI). A 500-ml capped flask
containing 200 ml of the SP2 medium was inoculated with 5 ml of the 2X
YTG culture grown overnight and incubated at 37°C until the ODy,
reached to 1.0 to 2.0. This flask culture was used to inoculate a 5-liter
bioreactor (LiFlus GX; Biotron, Gyeonggi-do, South Korea) containing
1.8 liters of SP2 medium. The SP2 medium contains the following ingre-
dients (all per liter): glucose, 100 g; KH,PO,, 0.5 g; K,HPO,, 0.5 g;
MgSO,-7H,0, 0.2 g MnSO,-5H,0, 0.014 g; FeSO,-7H,O, 0.01 g;
(NH,),SO,, 2 g; Bacto yeast extract, 5 g CH;COONa-3H,0, 5 g. During
the fermentation, agitation speed and temperature were controlled at
200 rpm and 37°C, respectively. The pH of the fermentation medium was
maintained at 6.0 by automatic addition of 7.5 M ammonia solution.

Isolation of genomic DNA and genome sequencing. For genomic
DNA isolation, C. tyrobutyricum KCTC 5387 grown in 2X YTG medium
was harvested at late exponential phase. Total DNA from C. tyrobutyricum
KCTC 5387 used for the genome sequencing was extracted using a G-Spin
total DNA extraction minikit (Intron Biotechnology, Seongnam, South
Korea) according to the manufacturer’s protocol. The DNA prepared was
fragmented to construct the library which was read using an Ion Torrent
PGM 316 Chip sequencer at Genotech (Daejeon, South Korea). A total of
3,024,966 reads with the average length of ca. 230 bp were obtained and
assembled into 96 contigs by a CLC Genomics Workbench 5.5.2 software
(CLCBio, Denmark). The maximum and average sizes of the contigs were
ca. 190 kb and 31 kb, respectively. The complete genome sequence was
assembled by comparing our contig sequences to other shotgun genome
sequences of C. tyrobutyricum DSM 2637 and ATCC 25755 (21, 22) and
performing PCR analysis. The ambiguous sequences compared to other
draft genomes were further confirmed by PCR and Sanger sequencing.

Sample preparation for proteome analysis. C. tyrobutyricum cells
(about 10 OD,/ml) were homogenized in 1 ml of lysis buffer (10 mM
Tris-HCI [pH 8.0], 1.5 mM MgCl,, 10 mM KCIl, 0.5 mM dithiothreitol
[DTT], 0.5 mM Pefabloc SC, and 0.1% SDS) using Precellys 24 (Bertin
Technologies, France) three times for 20 s each time at 6,500 rpm with a
5-min pause between homogenization cycles to prevent overheating. The
supernatant was separated by centrifugation at 18,000 rpm for 30 min at
4°C, the protein concentration was determined using a Bradford protein
assay (Bio-Rad), and aliquots were stored at —80°C. Each protein extract
(100 ug) was reduced with 500 mM tris(2-carboxyethyl)phosphine
(TCEP) at room temperature for 60 min and then alkylated with 500 mM
iodoacetamide (IAA) at room temperature in the dark for 60 min. The
samples were desalted using a membrane filter of 10 kDa cutoff and dis-
solved in 200 mM triethylammonium bicarbonate (TEAB) buffer to a
final concentration of 1 ug/ul. Sequencing-grade trypsin (Promega, Mad-
ison, WI) was added at 1:20 (wt/wt) into proteins in TEAB buffer and
incubated overnight at 37°C.
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TMT labeling. Each peptide sample of individual proteins extracted
from three C2, C4, and C6 sample points of Escherichia coli was divided
into two fractions and was individually labeled using a TMTSixplex (TMT
stands for tandem mass tag) reagents kit (catalog no. 90064, Thermo
Scientific, MA) according to the manufacturer’s protocol. TMT-126 and
TMT-129 were used to label C2, TMT-128 and TMT-131 were used to
label C4, and TMT-127 and TMT-130 were used to label C6. Aqueous
hydroxylamine solution (5%, wt/vol) was added to quench the reaction.
The six samples were then combined, speed vacuum dried, and then dis-
solved in 50 ul of Milli-Q—water containing 0.1% formic acid for liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS)
analysis.

2D-LC-MS/MS analysis. The TMT-labeled or label-free samples were
analyzed using a two-dimensional LC-MS/MS (2D-LC-MS/MS) system
consisting of a nanoACQUITY ultraperformance LC system (Waters,
USA) and an LTQ Orbitrap Elite mass spectrometer (Thermo Scientific,
USA) equipped with a nanoelectrospray source. The 2D-LC-MS/MS anal-
ysis was performed as previously reported by M. P. Washburn et al. (48)
with slight modifications. Briefly, a strong cation exchange (SCX) (5 wm,
3 cm) column was placed just before the C, 4 trap column (inner diameter
[i.d.], 180 wm; length, 20 mm; particle size, 5 um; Waters). Peptide solu-
tions were loaded in 5-ul aliquots for each run. Peptides were displaced
from the SCX phase to the C, 4 phase by a salt gradient that was introduced
through an autosampler loop and desalted for 10 min at a flow rate of
4 pl/min. The trapped peptides were then separated on a 200-mm home-
made microcapillary column consisting of C, g (Aqua; particle size, 3 wm)
packed into 100-um silica tubing with an orifice i.d. of 5 wm. A 10-step
salt gradient was performed using 3 ul of 0, 25, 50, 100, 250, and 500 mM
ammonium acetate (0.1% formic acid in 5% acetonitrile [CAN]) and 4, 5,
9, and additional 9 ul and 500 mM CAN (0.1% formic acid in 30% ACN).
The mobile phases A and B were composed of 0 and 100% acetonitrile,
respectively, and each contained 0.1% formic acid. The LC gradient began
with 5% mobile phase B for 1 min and was ramped to 20% mobile phase
B over 5 min, to 50% mobile phase B over 80 min, to 95% mobile phase B
over 4 min, and remained at 95% mobile phase B over 10 min and 5%
mobile phase B for another 5 min. The column was reequilibrated with
5% mobile phase B for 15 min before the next run. The voltage applied to
produce an electrospray was 2.0 kV. During the chromatographic separa-
tion, the LTQ Orbitrap Elite mass spectrometer was operated in a data-
dependent mode. The MS data were acquired using the following param-
eters: five data-dependent collision-induced dissociation-high energy
collision dissociation (CID-HCD) dual MS/MS scans per full scan; CID
scans acquired in linear trap quadrupole (LTQ) with two-microscan av-
eraging; full scans and HCD scans were acquired in Orbitrap at a resolu-
tion of 60,000 and 15,000, respectively, with two-microscan averaging;
35% normalized collision energy (NCE) in CID and 45% NCE in HCD;
*+1-Da isolation window. Previously fragmented ions were excluded for
60 s. In CID-HCD dual scan, each selected parent ion was first fragmented
by CID and then by HCD.

Protein identification and quantification. MS/MS spectra were ana-
lyzed using the following software analysis protocols with the protein
sequence set of all C. tyrobutyricum proteins. The reversed sequences of all
proteins were appended into the database for calculation of the false-
discovery rate (FDR). ProLucid (49) was used to identify the peptides,
with a precursor mass error of 25 ppm and a fragment ion mass error of
600 ppm. Trypsin was selected as the enzyme, with three potential missed
cleavages. TMT modification (+ 229.1629) at the N terminus and lysine
residue by the labeling reagent and carbamidomethylation at cysteine
were chosen as static modifications. Oxidation at methionine was chosen
as a variable modification. The CID and HCD tandem MS spectra from
the same precursor ion are often combined by software to allow better
peptide identification and quantification (50). We used a homemade soft-
ware program where reporter ions from the HCD spectrum were inserted
into the CID spectrum with the same precursor ion at the previous scan.
Reporter ions were extracted from small windows (*20 ppm) around
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their expected m/z in the HCD spectrum. The output data files were fil-
tered and sorted to compose the protein list using the DTASelect (51) with
two and more peptide assignments for a protein identification and a false-
positive rate of less than 0.01.

A quantitative analysis was conducted using Census in the IP2 pipeline
(Integrated Proteomics, USA). The intensity at a reporter ion channel for
a protein was calculated as the average of this reporter ion’s intensities
from all constituent peptides from the identified protein (52). The mea-
sured intensity ratios of proteins were transformed to log, scale. The re-
sulting ratios were log transformed (base 2) in order to achieve a normal
distribution.

In order to control quality in protein quantification, we labeled the
same sample with two different TMT reagents. Since every protein was
expected to have an abundance ratio of 1:1, in comparisons of different
TMT-labeled samples for the same sample, data with more than 30%
variation was excluded (for example, TMT-126 and TMT-129 for the C2
sample). TMT ratios for proteins were calculated over average reporter
ion intensities over all peptides assigned to a protein subgroup. Proteins
with P < 0.05 were defined as significantly changed in abundance. The
false-discovery rate was performed by selecting a P value from the two
biological replicates and ensuring that the fold change was significant in
the other two conditions.

Inactivation of the catl gene using a mobile group Il intron. A retar-
geted intron fragment was amplified using primers in Table S1 in the
supplemental material and cloned into pCACYS3 according to the previ-
ous studies (17, 53). After verification of the intron sequence, the retar-
geted pCACYS3 plasmid was digested with Xmal, and the 3.9-kb fragment
containing the whole L1.LtrA cassette was subcloned into the Xmal-
digested pMTL82251 plasmid. The resulting plasmid was transferred to
E. coli CA434 (donor strain) and finally transferred to C. tyrobutyricum by
conjugation according to the previous reports (15, 54). After 12-h mating,
transconjugants were selected onto 2X YTG agar containing 240 ug ml !
of p-cycloserine and 50 ug ml~! of erythromycin. Transconjugant colo-
nies were streaked again onto selective agar to exclude donor E. coli cells,
and gene disruption was confirmed by colony PCR.

Preparation of cell-free extracts. Either C. tyrobutyricum or C. aceto-
butylicum cells were grown in 200 ml of the SP2 medium at 37°C. When
ODy,, reached about 1.0, the cells were harvested by centrifugation of
40 ml of the culture at 2,200 X gand 4°C for 15 min. The cells were washed
once using distilled water, resuspended in 1 ml of 0.1 M potassium phos-
phate buffer solution (pH 7.4), and finally homogenized using a VC 750
sonicator (Sonics & Materials, CT). Cell debris was removed by centrifu-
gation at 16,100 X gand 4°C for 10 min, and clear supernatants were used
for enzyme assay. Total protein concentration was determined using the
Bradford assay.

Enzyme assay. Phosphotransbutyrylase activity was determined by
measuring liberation of free CoA from butyryl-CoA (55). Butyrate kinase
activity was determined in the butyryl-phosphate-forming direction by
measuring butyrohydroxamic acid (56, 57). CoAT activity was measured
in the acetyl-CoA-forming direction by the method of W. Buckel et al.
(58), using butyryl-CoA and acetate as the substrates; formation of acetyl-
CoA was determined by liberation of free CoA by a coupled citrate syn-
thase reaction (58). An Ultrospec 3100 Pro spectrophotometer (GE
Healthcare, United Kingdom) was used for the enzyme assay. One unit of
the enzyme was defined as conversion of 1 uM substrates per min.

RNA isolation and RT-PCR. For RNA isolation for reverse
transcription-PCR (RT-PCR), all strains were cultivated in the anaerobic
chamber at 37°C. An overnight 2X YTG culture of each C. tyrobutyricum
strain was diluted 50 times into 200 ml of the SP2 medium (100 g liter !
of initial glucose) contained in a 500-ml screw-cap flask and kept at 37°C
until the ODy,, reached 0.9 to 1.1. One milliliter of each SP2 culture was
collected, and cells were harvested for 5 min at 4°C and 8,000 X g. RNA
was isolated according to a hybrid protocol of an acid guanidinium
thiocyanate-phenol-chloroform method using Easy-Red BYF (IntronBio,
Gyeonggi-Do, South Korea) and a spin column purification method using
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RNeasy mini (Qiagen, Valencia, CA). Reverse transcription was per-
formed using RocketScript RT premix (Bioneer, Daejeon, South Korea)
according to the manufacturer’s protocol; 1 ug of total RNA and 100 pmol
of random nonadeoxynucleotides (dN,) were subjected to a 20-ul RT
reaction. When using gene-specific primers, 20 pmol of the reverse
primer, which can bind to the target mRNA, was used instead of dN,. If
required, DNase I was used to treat total RNA prior to RT reactions to
destroy residual genomic DNA fragments. PCR was performed using the
AccuPower PCR premix (Bioneer; 20-ul total reaction mixture volume).
A T100 thermocycler (Bio-Rad, Hercules, CA) was used for all RT and
PCRs throughout the study. The thiolase gene was chosen as an internal
control of RT-PCR based on our shotgun proteome data (see Data Set S1
in the supplemental material). Primer sequences for PCR are described in
Table S2 in the supplemental material.

Nucleotide sequence accession numbers. The genome sequence for
C. tyrobutyricum has been deposited at GenBank under the following
accession numbers: CP014170 (chromosome) and CP014171 (plasmid).
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