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Abstract The proteomic profiles of several Clostridium
acetobutylicum strains were compared by two-dimen-
sional gel electrophoresis and mass spectroscopy. The
proteomic profile of C. acetobutylicum wild type strain
ATCC 824 with and without a commonly used control
plasmid and with a spo0A overexpression plasmid
pMSPOA was compared. A total of 2,081 protein spots
were analyzed; 23 proteins were chosen to be identified
of which 18 were unique and 5 were proteins located in
more than one location. The proteins identified were
classified into heat shock stress response, acid and sol-
vent formation, and transcription and translation pro-
teins. Spo0A was identified and its protein expression
was confirmed to be absent in the spo0A knockout
SKOLI strain as expected, as was the protein Adc, which
is known to be regulated by SpoOA. The expression of
six proteins was not detected in strain SKOI indicating
these proteins require SpoOA. Spo0OA overexpression
affected the abundance of proteins involved in glycoly-
sis, translation, heat shock stress response, and energy
production. Two features were identified: five of the 23
proteins identified were located in more than one posi-
tion and clusters of protein spots resembled fingers of a
straightened hand. Normally a protein localizes to only
one spot on the gel; localization of a protein to more
than one spot is indicative of post-translational modifi-
cations, suggesting that such modification of proteins
may be a more prevalent mechanism in C. acetobutyli-
cum than previously thought. The clusters of protein
spots resembling fingers of a straightened hand were in
the acidic high molecular weight areas. Two such protein
spots were identified as variants of the same protein,
GroEL.
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Introduction

Clostridium acetobutylicum ATCC 824 is a Gram posi-
tive, sporulating, obligate anaerobic bacterium whose
genome has been sequenced [29]. The solvents produced
by C. acetobutylicum (acetone, butanol, and ethanol) are
commercially important and have been synthesized from
petroleum since the mid-1950s [21]. Increased concern
over depletion of non-renewable resources has led to
renewed interest in producing solvents via microbial
fermentative processes. The major obstacle to national
or global microbial solvent production has been its cost,
the cost of the raw material and the cost of solvent
production and recovery. The use of alternative fer-
mentation substrates, such as apple pomace and paper
industry waste, and the use of solvent tolerant and
hyperproducing strains have decreased the cost of
microbial fermentation. Solvent production is a late
growth stage physiological change, as are sporulation,
granulose accumulation, and heat shock stress response
induction. Solvent production is correlated with the late
stage abundance of SpoOA [4, 21, 35].

Spo0A is a transcriptional regulator important in
controlling the late stage physiological changes identi-
fied first in Bacillus subtilis [20] and subsequently in
C. acetobutylicum [9]. In C. acetobutylicum, SpoOA
activates the transcription of acetoacetate decarboxylase
(adc) [35], alcohol/aldehyde dehydrogenase (aad also
known as adhE), and acetoacetyl coenzyme A: acetate/
butyrate: coenzyme A transferase (ctfA and ctfB) [14].
Spo0A downregulates the transition state regulator abrB
[35]. Spo0A is necessary for the normal solventogenic
process by controlling these solvent formation genes.

In order to determine which genes are affected at the
transition to solventogenesis, the transcriptional profile
has been examined [11], especially as the transition re-
lates to stress [1, 43] and has been found to be effected by



Spo0OA [1, 19]. However, transcription is not the only
mode of controlling gene expression. Gene expression
controlled at the translational level may be caused by
altered RNA stability or translational efficiency. Once
the RNA has been translated into protein, the activity of
the protein may be altered by many means: post-trans-
lational modification, the presence of metabolic small
molecule effectors, and/or differences in protein stability
caused by targeted degradation. The objective of this
study is to examine SpoOA-regulated expression at the
protein level in C. acetobutylicum. A proteomic exami-
nation of SpoOA regulation will also reveal regulatory
events occurring after transcription of a gene. Protein
profiles were compared under three situations: between
the acidogenic and solventogenic phases; between a
control strain and a spo0A null strain; and differences
between a control strain and a spo0A overexpression
strain.

Materials and methods
Bacterial strains and culture conditions

The bacterial strains used are listed in Table 1.
C. acetobutylicum ATCC 824 (pIMP1) and SKOI strains
were grown in pH 5 controlled fermentations, and the
growth was monitored with ODgyg nm [19]. Samples of
15 ml were taken at early-mid exponential, mid-late
exponential, early stationary, and late stationary phases.
The phases were defined according to the hour of growth
and the culture ODggg nm When the sample was har-
vested. The two parameters are listed below for each
strain. After the samples were harvested they were
diluted to 10 ml with an ODgyg ,m of 1.0, centrifuged,
and stored at —70°C as cell pellets. The time and
ODggp nm Of samples when harvested for §24(pIMP1),
SKOI1, and 824(pMSPOA) are listed in Table 2.

Two-dimensional electrophoresis
Cell pellets were thawed, heat denatured, and disrupted
by sonication. Crude protein extracts were separated

from cellular debris by centrifugation (7,000g, 10 min)
and the protein content of the supernatant fraction was

Table 1 Bacterial strains and plasmids
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determined [7]. Duplicate samples of 200 pg of protein
were resuspended in immobilized pH gradient (IPG)
reswelling solution containing urea/thiourea rehydration
buffer (pH 3-7) overnight and isoelectric focusing sep-
aration was carried out. Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) in the
second dimension was performed and the gels were fixed
and stained with Coomassie Blue (Genomic Solutions
Inc., Ann Arbor, MI, USA).

Image analysis and protein identification

Duplicate two-dimensional gels were obtained for each
cell time point sample and imaged on a flat bed scanner
(HT analyzer software, 200 dpi, Genomic Solutions
Inc.). The gel with the highest resolution was used for
analysis. Protein features were detected (Spot Detection
Wizard software, Genomic Solutions Inc.) and matched
among the gels. The background was subtracted and
each spot was normalized to the total spot volume of
each individual gel (Genomic Solutions Inc.). The
intensity of each spot was normalized to its corre-
sponding spot in the reference gel that is the gel of the
first time point in each strain.

Selected gel plugs of individual protein spots were
analyzed by mass spectroscopy for protein identifica-
tion. The excised protein spots were trypsin digested in
the gels. The digested supernatant fluid was mixed with
MALDI matrix (e¢-cyano-4 hydroxy cinnamic acid),
spotted onto a MALDI target, and then inserted into the
MALDI-TOF mass spectrometer (Voyager DE-STR,
Applied Biosystems). Two peptide mass fingerprints
were analyzed (MS-Fit software of Protein Prospector
and Proteometrics software of ProFound). The digested
peptide masses were matched with between 9 and 30
peptide sequences in the database to identify the protein
with genome encoded ORFs (Genomic Solutions Inc.).

0A box determination

The intergenic regions upstream of the genes encoding
the proteins or upstream of the first gene of a known or
putative operon, as indicated in Table 3, were examined
for putative 0A boxes [42].

Strain or plasmid

Relevant characteristics

Source or reference

C. acetobutylicum

ATCC 824 Wild type strain ATCC
SKO1 ATCC 824 spo0A::MLSR [19]
Plasmids

pIMP1 Ap® MLSR; ColE! origin [25]
pMSPOA ApR MLSR; carries spo0A [19]

MLS® macrolide-lincosamide-streptograminB resistance, A TCC American type culture collection, Manassas, VA, Ap® ampicillin resis-

tance
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Table 2 Time and ODyg ,» of samples when harvested

Growth phase 824(pIMP1) SKO1 824(pMSPOA)

Hour ODg00 nm Hour OD600 nm Hour OD¢00 nm
Early-mid exponential 9.5 1.8 10.0 3.0 9.5 34
Mid-late exponential 13.5 4.9
Early stationary 18.8 6.2 31.0 6.0 29.5 10.0
Late stationary 100.3 5.4 9.5 4.7 61.5 8.0

Results

The reasons for this study are twofold: (1) in order to
investigate how the wild type C. acetobutylicum 824
proteome changed over time, especially as the culture
transitions from exponential to stationary phase and
(2) in order to investigate how Spo0OA modulates that
global protein pattern. We employed two-dimensional

electrophoresis and mass spectroscopy analysis to
identify 23 protein of interest. These proteins were
chosen based on their differential protein expression.
The differential expression of the 23 proteins was
examined and identified in one of the three following
comparisons: between the acidogenic and solventogenic
phases or between a control strain and a spo0A4 null
strain or between a control strain and a spo0A over-
expression strain.

Table 3 Potential role for Spo0A

Gene, operon (first gene of cluster) 0A/ROA® Protein present Gene included on microarray®® Protein

in SKO1"¢ abund®
Exp' Tran’ Stat"

Upstream of gene located in a known multi-cistronic operon”

atpD, ATP synthase operon 3 0A, 1 ROA' + — _

bed, BCS operon 0A + +, — — ++ S — —/NC

groES, GroE operon ROA + +4+, +— - =, ++ 4 - -d +

groEL, GroE operon ROA + ++ - - +° +

Upstream of gene located in a putative multi-cistronic operon*

rpoA (CAC3107) 0A + + + + - _° NC

rplL (CAC3151) ROA + -

chwi4 (CAC1532) 0A - +

efp (CAC2095) No + NC

Upstream of gene located in a monocistronic operon'

fba 0A + + 4, —+ +, — B —_— NC

spo0A 0A - + + + 4+ + +¢ NC

hspl8 2 0A —1 variant - —, +- - ++ ++¢, - ¢ +

pspA 2 0A +

pgi 2 0A, 1 ROA + —+ - - - -

adc 2 0A, 1 ROA - ++, - +4, ++ ++¢ -9 +

chwl6/17 0A - +

gapC No + —+ — —d NC

ppi ROA - - . 4 oge N

tpi No + +4+, —+ +, — - = —/NC

40A, 0A box; ROA, reverse 0A box; determined by consensus search of intergenic regions [42]; adc 0A boxes have been experimentally
demonstrated [35]

4+ /— in “Protein present in SKO1” columns represent yes/no, respectively

‘When protein is not present in strain SKO1 this indicates that the gene requires Spo0OA for expression

dGene is included on microarray and transcript expression profile examined in 824 (p)MSPOA) strain compared to 824(pIMP1) [1]. + and
— in “Gene included in microarray” indicate relative transcript levels detected in microarray experiments: + +, very high expression; +,
moderately high expression; — moderately low expression; —— very low expression. When the transcript levels of a gene was examined in
both microarray experiments, the relative expression levels for both are indicated and separated by comma

°Gene is included on microarray and transcript expression profile examined in wild type 824 strain compared to SKOI strain [42]
"Exp, exponential phase, Tran, Transition, Stat, stationary phase

€+ /— is up-/downregulated, respectively; NC is no change, thus approximately constitutive levels of the overall protein accumulation
trend in C. acetobutylicum 824 (pIMP1)

?‘References for known operons: [6, 12, 28]

"Number in front of 0A or ROA indicates the number of non-overlapping boxes present, if no number is indicated, a single box is present
JEach abundance refers to one variant of the protein identified

“Based on gene clustering with other genes of similar function in the same orientation

May be demonstrated or putative operon structure



Growth of strain under selective media

Clostridium acetobutylicum 824 (pIMP1) is a control
strain for SKOI1, C. acetobutylicum 824 (pMSPOA), and
C. acetobutylicum 824 wild type strains. The strains
C. acetobutylicum 824 (pIMP1), C. acetobutylicum 824
(pPMSPOA), and SKO1 were grown under either eryth-
romycin or clarithromycin selection. The use of other-
wise identical culture conditions allows for comparison
between the two strains. C. acetobutylicum 824 without a
plasmid was also grown without selection and was
compared to C. acetobutylicum 824 (pIMP1) (data not
shown). The resulting proteomic profile of C. acetobu-
tylicum 824 was similar C. acetobutylicum 824 (pIMP1),
thus neither growth under selective media nor the
maintenance of a plasmid distorted the proteome pat-
tern in any obvious fashion.

Overall features of the protein pattern

Six overall features of the protein pattern were noted and
are discussed. The first feature is shown in Fig. 1, which
is a representative two-dimensional gel from late
solventogenic phase. A complete collection of two-
dimensional gel images is available at http://www.bioc.
rice.edu/bennetlab. The second feature is the classifica-
tion of the 18 unique proteins identified. The features can

Fig. 1 A representative two-
dimensional gel. A
representative two-dimensional
Coomassie-stained protein gel
from late stationary phase of
strain 824 (pIMP1). The protein
spot numbers shown were
identified by mass spectroscopy.
The locations are indicated on
the gel and the characteristics
are listed in Table 4
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be sorted into the following classifications: stress, acid
and solvent formation, transcription and translation, and
other functions (Fig. 2, Table 4). The third feature was
that the calculated molecular weights and isoelectric
points generally agree with the apparent values on the
two-dimensional gel. The fourth feature examined the
abundance of proteins; several identified proteins were
upregulated or downregulated while some remained at a
relatively constant level of abundance regardless of
growth phase. The fifth feature examined SpoOA as a
requirement for maximal expression of some identified
proteins (Fig. 3) and when overexpressed altered many
processes. Lastly, two additional features of the
C. acetobutylicum proteome were identified; five proteins
were found in more than one location and protein
clusters resembling fingers of a hand were identified.

Agreement between molecular weights
and isoelectric points

The molecular weights and isoelectric points for most of
the 18 unique proteins matched well between the cal-
culated and apparent values. In each instance, at least
one protein spot matched the calculated values well,
while the suspected modified form had differing MW
and pl values than those calculated. The few identified
proteins that did not match well either have suspected
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Fig. 2 Growth phase- mid-exp
dependent protein level. The
protein expression profile for
four representative proteins,
one from each functional
classification, are shown on stress ‘ O
corresponding sections of GroES :
Coomassie-stained two- 119 .
dimensional gels
acid and '
solvent 4
formation
Adc .
93 [ ]
transcription
and translation

RpoA

SR @
more than r

one location
GroEL
more than
one location
GroEL
85
post-translational modifications, as will be discussed
below, or may be potential degradation products.

Upregulated proteins observed

Many proteins identified were upregulated during latter
stage growth: stress proteins, the known solvent phase
inducible Adc and others. The stress proteins upregu-
lated are GroEL, GroES, heat shock protein 18 (Hsp18),
and phage shock protein A (PspA). Stress proteins are
under complex and multiple controls [36]. GroEL and its
cofactor GroES prevent misfolding and promote
refolding and proper initial folding of unfolded poly-
peptides [40]. GroEL was identified in two locations on
the two-dimensional gel, directly juxtaposed to one an-
other. GroES was identified in one location on the gel.
groEL and groES form a two gene operon [28], and each
is present in one copy in the C. acetobutylicum genome.
Hspl8 is induced by heat shock and solventogenesis.
Hsp18 is induced by different environmental conditions
and this induction suggests that it is a general stress
inducible protein [37]. Hspl8 was also identified in two
locations on the two-dimensional gel, yet one copy of
hspl8 is present in the genome. One Hsp18 variant, spot
213, was not detectable until late solvent phase, when it
was highly abundant. This result is consistent with two

late-exp early-stat late-stat
Fa¥
|
. ! . .
| ' ~

|

b AR Ly
'.

'
protein variants identified previously [38]. The Escheri-
chia coli PspA homolog is synthesized in response to
several stresses (heat, ethanol, and osmotic shock) [§],
and it is involved in maintaining the proton motive force
and membrane integrity under stress conditions [17, 23].
PspA is upregulated and does not require SpoOA, as its
expression is detected in strain SKOI.

The gene encoding adc was expected to be induced at
solventogenesis [2, 15] and expected to require SpoOA
for expression [35]. Adc is essential for solvent produc-
tion, because it catalyzes the decarboxylation of aceto-
acetate to acetone [33]. Adc was identified in one
location, was noticeably induced at solventogenesis, and
its protein expression is absent in strain SKO1. Contrary
to the current results, two protein spots were previously
identified [38]. The spot corresponding to the other
location may not have been analyzed in this study.

Among the other upregulated proteins are the gly-
cogen-binding regulatory subunit of serine/threonine
phosphatase I (Ppi), and two proteins containing repeats
of a novel protein domain, Clostridial hydrophobic with
a conserved tryptophan (ChW), ChW14 and ChwW16/17.
The function of Ppi is unknown, but may have a
function similar to phosphatase-I of eukaryotes because
a gene encoding a cAMP-dependent protein kinase is

present in the genome. Phosphatase-1 downregulates the
transcriptional response caused by a rise in cAMP,




Table 4 Characteristics of identified C. acetobutylicum proteins
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Protein, short name (Annotation ORF #) Spot # % Mass® MW calc® MW app® plcalc pl app
Stress proteins
GroEL (CAC2703) 80 67 58.1 60—58¢ 4.70 3.9
GroEL (CAC2703) 85 83 58.1 60—56 4.70 4.0
GroES (CAC2704) 119 52 10.4 16 4.81 4.1
Heat shock protein 18, Hsp18 (CAC3714) 213 50 17.7 20-19 5.09 4.0
Heat shock protein 18, Hspl8 (CAC3714) 118 66 17.7 22 5.09 5.0
Phage shock protein A, PspA (CAC0313) 103 42 25.0 27 5.16 5.0
Acid and solvent formation proteins
Acetoacetate decarboxylase, Adc (CAP0165) 93 38 27.5 30 5.77 6.0
Fructose-bisphosphate aldolase, Fba (CAC0827) 58 69 30.4 31 5.36 5.4
Glucose-6-phosphate isomerase, Pgi (CAC2680) 22 29 49.8 47 5.21 4.8
Glyceraldehyde-3-phosphate dehydrogenase, GapC (CAC0709) 92 46 35.9 42 5.87 6.0
Triosephosphate isomerase, Tpi (CACO0711) 42 42 26.5 42 5.68 3.6
Triosephosphate isomerase, Tpi (CACO0711) 65 42 26.5 26 5.68 6.0
Butyryl-CoA dehydrogenase, Bed (CAC2711) 113 36 41.4 42 5.92 6.0
Butyryl-CoA dehydrogenase, Becd (CAC2711) 33 56 41.4 42 5.92 6.3
Transcription and translation proteins
DNA-dependent RNA polymerase o subunit, RpoA (CAC3104) 36 49 354 43 4.75 4.0
Spo0A, Spo0A (CAC2071) 240 60 31.5 30 6.42 6.9
Ribosomal protein L7/L12, RplL (CAC3145) 73 43 12.6 16 4.66 4.0
Translation elongation factor P, Efp (CAC2094) 67 51 21.1 25 4.78 4.4
Other proteins
Glycogen-binding regulatory subunit of S/T protein phosphatase I, 173 61 28.0 27 6.09 4.4
Ppi (CAP0129)
ATP synthase subunit J, AtpD (CAC2865) 87 69 S1.1 50 4.68 3.8
Protein containing ChW-repeats, ChW14 (CAC1532) 14 45 53.6 54 4.85 4.0
Protein containing ChW-repeats, ChW16/17 (CAC2584) 16 48 529 54-51 5.02 4.1
Protein containing ChW-repeats, ChW16/17 (CAC2584) 17 44 52.9 54-52 5.02 4.2

“Percent of the total mass of the protein identified as the protein indicated based on 9-30 peptide sequences analyzed and compared
®Calc, Calculated MWs and pls were calculated using the statistical analysis of protein sequence and isoelectric point determination

programs, respectively, located at http://www.workbench.sdsc.edu

“App, Apparent MWs and pls as observed on the two-dimensional gel
9A range of MWs is given for proteins where their spots were elongated lengthwise

including the downregulation of cAMP-stimulated gly-
cogen breakdown. Because C. acetobutylicum accumu-
lates intracellular granules of a reserve polyglucan
material (granulose) before sporulation, and because
granulose serves as a carbon and energy source by being
degraded during endospore formation, Ppi may have a
role in granulose metabolism. Ppi is not detectable until
solventogenesis and is absent in strain SKO1. ChwW14
and ChW16/17 are suggested to be novel extracellular or
cell surface system proteins related to those used in cell
adhesion [29]. ChW14 appears upregulated until late
solventogenesis, when it is no longer detected. ChW16/
17 was identified in two locations, spots 16 and 17,
which is detected at all growth phases. Both ChW14 and
ChW16/17 are absent in strain SKOI.

Downregulated proteins observed

The identified proteins that appear downregulated are
the glucose metabolism isomerases, glucose 6-phosphate
isomerase (Pgi), and triosephosphate isomerase (Tpi),
energy metabolism ATP synthase subunit § (AtpD), the
core solventogenic butyryl-CoA dehydrogenase (Bcd),

and the translation regulating ribosomal protein L7/1.12
(RplL). Pgi is a housekeeping enzyme of metabolism
that catalyzes the interconversion of glucose 6-phos-
phate and fructose 6-phosphate in the glycolytic path-
way [10]. Decreasing levels of Pgi may be a result of
glycolysis being most active in the exponential growth
phase. Tpi is a ubiquitous glucose metabolism enzyme
that catalyzes the conversion between dihydroxyacetone
phosphate and p-glyceraldehyde 3-phosphate. One gene
for Tpi is present in the C. acetobutylicum genome. Tpi
was identified in two locations on the two-dimensional
gel; the two locations have differing MWs and pls and
thus are not near each other. One Tpi variant, spot 65,
appears downregulated. Tpi from various clostridia have
different heat stabilities [13], and the Tpi from the three
examined clostridia all had the same MW of 53 kDa as
dimers, but with different pls [41]. ATP synthase cata-
lyzes the formation of ATP from ADP and inorganic
phosphate using a proton or sodium ion gradient [12].
AtpD abundance decreases during exponential phase
and is undetectable by late solventogenesis. Bed cata-
lyzes the conversion of crotonyl-CoA to butyryl-CoA at
which point the pathway diverges to production of
butyrate or butanol. Its single encoded gene is clustered
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Fig. 3 Profile of several proteins requiring SpoOA for regulation.
Six proteins identified require SpoOA for protein expression.
Corresponding sections of Coomassie stained two-dimensional gels
the six proteins from early stationary phase in a wild type (pIMP1)
and b SKOLI strains are illustrated. SpoOA (b) protein itself is
absent in strain SKOI

with f-hydroxybutyryl-CoA, crotonase, and electron
transfer flavoprotein o« and f subunits to form an
operon. Bed was identified in two distal locations, one of
which, spot 33, appeared downregulated. The E. coli
homolog of RplL is a ribosomal protein central to the

translocation step of translation [27]. RplL is the hete-
rodimer formed from two proteins, L7 and L12, and is
anchored to the large ribosomal subunit L10 [16]. Unlike
the usual situation where subunits for a protein complex
are encoded by different transcriptional units, the su-
bunits L7 and L12 are encoded by the same gene, and
L12 is converted to L7 by a post-translational acetyla-
tion at its N-terminus [22]. In this study we identified
only one RplL but cannot determine which subunit form
was detected. Ribosomal protein L7/L12 is highly
abundant in mid and late exponential and decreases by
late solvent phase.

Relatively constitutive abundant proteins observed

The proteins constitutively abundant are the solvent-
controlling Spo0OA, the metabolic enzymes glyceralde-
hyde-3-phosphate dehydrogenase (GapC), one variant
of Bcd, one variant of Tpi, and fructose bisphosphate
aldolase (Fba), the transcription regulating RNA
polymerase « (RpoA), and the translation elongation
factor P (Efp). All of the proteins identified with rela-
tively constitutive abundance are acid and solvent for-
mation. These proteins may be more stable compared
to the acid and solvent formation, which appear to be
downregulated. Spo0OA is a transcriptional regulator
that positively controls sporulation and solvent pro-
duction [18]. As expected, no SpoOA protein is detected
in strain SKOI1 because spo0A is disrupted in this
strain. GapC catalyzes the reversible phosphorylation
of glyceraldehyde 3-phosphate to 1,3-bisphosphogly-
cerate [39]. GapC was identified in one location, but
the gene encoding the enzyme is present in the genome
twice. The previously identified GapC [38] agrees in
MW and pl with the one identified in this study, but
the abundances of the protein in the two studies are
disparate. This study indicates that GapC is constitu-
tively abundant, while the previous study [38] observed
an upregulation in solventogenesis. The second variant
of Bed, spot 113, is constitutively abundant at a low
level. The second variant of Tpi, spot 42, is twice as
abundant as the spot 65 variant. Fba is responsible for
the interconversion of fructose 1,6-bisphosphate with
glyceraldehyde 3-phosphate during glycolysis and glu-
coneogenesis. Fba class II has one gene in the genome
that could encode this protein, and one protein spot
was identified. The E. coli and B. subtilis Fba homologs
are post-translationally modified [26, 32] suggesting
that C. acetobutylicum may have another Fba variant,
as yet unidentified. RpoA is part of the core RNA
polymerase that transcribes genes specified by ¢ factor
promoter recognition and thus is important for regu-
lating gene expression [34]. RpoA is a moderately
abundant protein. RpoA MW corresponds to that
previously reported [34]. In E. coli, Efp stimulates
efficient translation and peptide-bond synthesis [3]. In
B. subtilis, Efp is maintained at a high level at
sporulation and is required for the sporulation



developmental program [31]. Efp is a protein present in
low levels in all growth phases in C. acetobutylicum.

Many genes have putative SpoOA binding sites

SpoOA is a transcription factor that directly binds to a
known 7 bp region [35], designated 0OA box, in the up-
stream sequence of the genes it regulates. The intergenic
regions of the genes encoding the proteins identified in this
study were examined for possible SpoOA binding sites.
The genes with putative OA boxes are listed in Table 3.

Overexpression of spo0A alters many processes

In order to examine what processes SpoOA affects at the
protein level, the proteome of C. acetobutylicum 824
(pPMSPOA) was compared to that of 824 (pIMP1). As
compared to the control strain, protein abundances were
perturbed for many proteins of varying functions in C.
acetobutylicum 824 (pMSPOA). Three analyzed proteins
had lower levels. Two of the three were glycolytic pro-
teins, Pgi, and Tpi, and showed levels decreasing during
growth, while Tpi showed an accelerated decrease in
protein levels during growth. The third was a ribosomal
protein, RplL. Likewise, three proteins had higher levels
in C. acetobutylicum 824 (pMSPOA) in addition to the
expected increased level of SpoOA. Spo0OA showed an
accelerated increase in abundance as did one variant of
Hspl8. A primary metabolism protein, Bcd, and an
energy production protein, AtpD, showed an increase
compared to the control strain.

Features of the C. acetobutylicum proteome

This study identified two features of the C. acetobutyli-
cum proteome. Several proteins were identified in more
than one location on the two-dimensional gel: GroEL,
Hspl8, Tpi, Bed, and ChW16/17. Proteins clustering in
orientations reminiscent of straightened fingers on a
hand were prominent in the larger MWs and more acidic
pls. One protein obviously displaying this feature was the
adjacent two variants of GroEL. Two other proteins
formed this orientation to a lesser degree, ATP synthase
subunit 6 and ChW16/17. In the case of ATP synthase
subunit ¢, the middle protein of the cluster was identified,
but the spot on either side was not analyzed. ChW16 and
ChW17 were adjacent proteins in the same cluster.

Discussion
Post-translational modification
The appearance of proteins at more than one location on

the two-dimensional gel is indicative of post-translational
modification [36]. Post-translational phosphorylation
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and glycosylation modifications of C. acetobutylicum
proteins have been previously reported [5, 24]. Of the 23
proteins identified, five localized in more than one
position. They are GroEL, Hspl8, Tpi, Bed, and
ChW16/17. More than one location for GroEL was
expected because E. coli GroEL is phosphorylated as a
result of the heat shock stress response [40]. GroEL was
previously identified albeit in one location [38]. GroEL
may be present in more than one location in the previous
study and might perhaps be identified upon further
protein spot identification. The MWs and pls agree in
both studies. Two locations for Hsp18 were detected and
one variant was highly induced in the solventogenic
phase in both the previous study [38] and this study, thus
these data are consistent.

While post-translational modifications may be
intended by the organism to confer altered protein
activities, such as phosphorylation and glycosylation,
unintended modifications may also occur. Longer
growth conditions that result in stasis and a stressed
environment induce oxidative modifications to E. coli
proteins [30]. The selective pressure of certain antibiotics
can also increase the level of carbonylation, an oxidative
protein modification [30]. Additionally, erroneous
incorporation of amino acids into a protein under such
conditions may result in a protein migrating to a spot on
a two-dimensional gel with a similar molecular weight to
the authentic protein but with subtle differences in iso-
electric points [30]. If unintended oxidative changes are
incorporated into the proteins by stress conditions then
these modifications could account for the two isoforms
of GroEL and ChW16/17. These two proteins have both
isoforms migrating to the same molecular weights with
slightly differing isoelectric points. Protein oxidation
could not account for the protein isoforms that migrate
to spots distal from each other, such as Hsp18, Tpi, and
Bced.

Perhaps, different culture conditions may induce a
more stressful environment for the cells and thus oxi-
dative changes to the proteins. The culture conditions
between the previous study [38] and this study were
different. This study used the standard clostridia growth
media, which has been routinely used for solvent pro-
duction in our previous work, rather than phosphate-
limited mineral media [38]. Moreover, it is likely that
sample handling may have also differed between the two
studies. The more time that has elapsed between the
sample being taken and its electrophoresis may
inadvertently increase the risk of oxidative protein
changes.

Comparison between transcriptome and proteome
expression

The expression level of many genes has been reported
and where possible we have examined the correlation
between protein level and gene expression. Many protein
levels correlate well with their RNA profiles in the wild
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type and control strains. The protein and RNA levels
examined were the gene expression protein (RpoA); Ppi;
the SpoOA-controlled proteins (Spo0A and Adc), the
heat shock stress response proteins (GroEL, GroES, and
Hspl8), and the acid and solvent formation (Fba,
GapC, Tpi, Pgi, and Bcd). RpoA and Ppi both correlate
well with their respective RNA profiles [42].

The Spo0A-controlled proteins Spo0OA and Adc were
compared with their RNA levels. A lower level of Spo0OA
RNA is present in C. acetobutylicun SKO]1 than in the
parent strain C. acetobutylicum 824 at all time points
[42]. This result is expected since the spo0A gene is dis-
rupted in strain SKO1. The SpoOA RNA Ievels [19] and
protein levels correlate well in C. acetobutylicum 824 and
C. acetobutylicum 824 (pIMP1), respectively. A lower
level of Adc RNA is present in strain SKOI1 than in
C. acetobutylicum 824 at all time points. This finding is
consistent with previous studies that show SpoOA con-
trols the expression of adc [35, 42]. The Adc RNA levels
[19] and protein levels correlate well in C. acetobutylicum
824 and C. acetobutylicum 824 (pIMP1), respectively.
The RNA profile for Adc does not change when spo0A is
overexpressed as compared to C. acetobutylicum 824;
both peak at the transition [1, 19].

The heat shock stress response RNA profiles for
GroEL and GroES are identical [42] as expected because
they are part of a two gene operon and thus co-tran-
scribed [28]. A higher abundance of GroEL and GroES
RNA is present in C. acetobutylicum 824 than in strain
SKOI1 in exponential phase, and then at the transition
RNA levels decrease. During stationary phase, RNA
levels again increase. The overexpression of the groEL
and groES genes can increase solvent production [42]
and tolerance [43]. In C. acetobutylicum 824 (pMSPOA),
GroES RNA levels peak at higher levels compared to
C. acetobutylicum 824 (pIMP1) and at earlier times, and
then the RNA levels decrease during stationary phase
[1]. Taken together, these data suggest that SpoOA
positively regulates GroEL and GroES to attain maxi-
mal expression at the transition. Both variants of GroEL
protein and the GroES protein have the same protein
profile. They are characterized by an increase at the
transition and are highly expressed during stationary
phase.

Hspl18 RNA was present in lower levels in C. acet-
obutylicum 824 than in strain SKO1 until late exponen-
tial phase when RNA levels increase [42]. In
C. acetobutylicum 824 (pMSPOA), Hsp18 RNA peaks at
higher levels compared to C. acetobutylicum 824
(pIMP1) and at earlier times, and then the RNA Ievels
decrease during stationary phase [1]. The Hspl8§ RNA
levels and protein levels of variant 213 correlate well.
The pattern of Hspl8 is different from those of GroEL
and GroES in the absence of SpoOA, perhaps repre-
senting a different stress alleviation function or perhaps
representing different regulatory controls for Hspl8
than for GroEL and GroES.

RNA levels of many glycolytic genes (fba, gapC, tpi,
pgi) and the primary metabolism gene (bcd) are lower at

the transition and during stationary phase. Thus,
glycolysis is strongly downregulated in stationary phase
[1]. The RNA and protein levels of Fba and Tpi variant
65 correlate well and exhibit the expected molecular
weights based on the gene sequence [42].

Instances in which the protein and transcript levels of
SpoOA-affected expression do not agree may indicate
more complex controls, which have yet to be elucidated.
If the relative level of change is minor, the difference
may be caused by experimental variation or measure-
ment errors. Disagreement in correlation between RNA
and protein levels may result from the instability of the
RNA or protein, as this study did not examine their
respective stabilities.

In conclusion, this study provided evidence of how
the proteomic profile changes at the transition to sol-
ventogenesis. The heat shock stress proteins, proteins
with ChW-repeats, Adc, and Ppi increased in protein
abundance during growth. Some acid and solvent for-
mation proteins (one variant of Bed, Pgi, and one vari-
ant of Tpi), AtpD, and rplL had decreasing protein
levels while other acid and solvent formation proteins
(one variant of Bed, Fba, GapC, and one variant of Tpi)
and the transcription and translation proteins (RpoA,
Efp, and Spo0A) demonstrated no significant change in
protein levels during growth.

Moreover, the spo0A disrupted and overexpression
strains were characterized and SpoOA implicated
additional processes it may affect. Analysis of the
spo0A knockout indicated six protein spots that were
present in wild type C. acetobutylicum but absent in the
SKOL strain: Ppi, ChW14, Adc, Spo0OA, ChW16, and
ChW17. Thus, these proteins require Spo0A based on
protein level determination. The finding that Adc
requires SpoOA confirms previous studies [34]. SpoOA
overexpression affected the abundance of proteins in-
volved in glycolysis, translation, heat shock stress
response, and energy production. Of the 23 proteins
identified, five were located in more than one position
indicating a post-translational modification. Some
protein isoforms of the same protein, such as GroEL,
clustered into arrangements resembling fingers of a
straightened hand. Finally, this study serves as a basis
for further explorations in comparing the proteome
pattern with the results obtainable from microarrays in
C. acetobutylicum.
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