Journal of

proteome

elresed rCh pubs.acs.org/jpr

Label-free Quantitative Proteomics for the Extremely Thermophilic
Bacterium Caldicellulosiruptor obsidiansis Reveal Distinct Abundance
Patterns upon Growth on Cellobiose, Crystalline Cellulose, and
Switchgrass

Adriane Lochner, ! Richard J. Giannone,”"" Martin Keller,”* Garabed Antranikian,®
David E. Graham,*"" and Robert L. Hettich*™

"Biosciences Division; LChemical Sciences Division; *BioEnergy Science Center at Oak Ridge National Laboratory, Oak Ridge,
Tennessee 37831, United States

STechnical Microbiology, Hamburg University of Technology, Kasernenstrasse 12, D-21073 Hamburg, Germany
#Department of Microbiology, University of Tennessee, Knoxville, Tennessee 37996, United States

e Supporting Information

ABSTRACT: Mass spectrometric analysis of Caldicellulosiruptor

obsidiansis cultures grown on four different carbon sources

identified 65% of the cells” predicted proteins in cell lysates and

supernatants. Biological and technical replication together with

sophisticated statistical analysis were used to reliably quantify

protein abundances and their changes as a function of carbon

source. Extracellular, multifunctional glycosidases were signifi-

cantly more abundant on cellobiose than on the crystalline

cellulose substrates Avicel and filter paper, indicating either

disaccharide induction or constitutive protein expression. Highly

abundant flagellar, chemotaxis, and pilus proteins were detected

during growth on insoluble substrates, suggesting motility or

specific substrate attachment. The highly abundant extracellular

binding protein COB47_0549 together with the COB47_1616 ATPase might comprise the primary ABC-transport system for
cellooligosaccharides, while COB47 0096 and COB47_0097 could facilitate monosaccharide uptake. Oligosaccharide degradation
can occur either via extracellular hydrolysis by a GH1 f-glycosidase or by intracellular phosphorolysis using two GH94 enzymes.
When C. obsidiansis was grown on switchgrass, the abundance of hemicellulases (including GH3, GHS, GHS1, and GH67 enzymes)
and certain sugar transporters increased significantly. Cultivation on biomass also caused a concerted increase in cytosolic enzymes
for xylose and arabinose fermentation.
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bioenergy research

B INTRODUCTION of conditions and time points. Due to post-transcriptional
regulation, measurements of protein abundance via mass spec-
trometry can be a more direct proxy for metabolic processes
compared to the transcriptome.

Understanding the deconstruction of model substrates is an
important first step to degrading real biomass, such as switch-
grass, whose structural and compositional complexity compli-
cates both data acquisition and interpretation. In plant cell walls,
crystalline cellulose fibers are embedded in a matrix of other
polymers like hemicellulose and lignin. Of the many potential
bioenergy crops in America, switchgrass (Panicum virgatum)
is one of the most promising due to its high productivity,

The bioconversion of lignocellulosic biomass is beginning to
address the increased global demand for renewable transporta-
tion fuels. Among the suggested strategies for a commercially
viable process is consolidated bioprocessing (CBP), an industrial
workflow that allows simultaneous enzyme production, biomass
hydrolysis and fermentation by the deployment of a cellulolytic,
hemicellulol??tic, and ethanologenic microbe or a microbial
consortium. > To select a suitable CBP organism, it is important
to fully understand the diverse protein machinery used by
microorganisms to degrade biomass. This molecular-level insight
has been enabled by recent advances in high-throughput tech-
nologies such as whole genome sequencing, transcriptomics, and
proteomics. Specifically, the application of quantitative proteo- Received:  June $, 2011
mics enables comparisons of protein abundances across a myriad Published: October 11, 2011
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robustness and low ecological impact. This perennial grass does
not require extensive management or fertilization, and it can be
grown on marginal lands that do not support food crops.*

The most abundant hemicellulose polymers in grasses are
glucuronoarabinoxylans, which are composed of a D-xylose
backbone substituted with single units of L-arabinose and
p-glucuronic acid.” Their cell walls also contain lower levels of
D-galactose, D-mannose and D-rhamnose sugars.6 To make
cellulose fibers in switchgrass accessible to enzymatic treatment,
the surrounding hemicellulose and lignin matrix must be re-
moved by pretreatment, such as dilute acid hydrolysis under
elevated temperatures. Even after this harsh pretreatment, the
remaining solids contain significant amounts of carbohydrates
other than p-glucose.® Potential CBP organisms must be able to
hydrolyze mixed carbohydrate polymers and ferment these
diverse sugars to produce high yields of biofuels.

Most studies of microbial biomass degradation begin using
soluble model substrates for growth, like D-glucose and b-
cellobiose (a [3-1,4 linked glucose-disaccharide), or purified,
processed crystalline cellulose, like filter paper and Avicel
Soluble substrates minimize protein losses due to protein or cell
sorption to substrates. More complicated insoluble, cellulosic
substrates better mimic natural biomass, but residual substrate
depletes the pool of soluble, carbohydrate-binding proteins in
cultures.” Homogeneous Avicel PH-101 is a colloidal dispersion of
microcrystalline cellulose fibers obtained by mineral acid hydrolysis
of wood pulp. Another widely used, relatively homogeneous
cellulosic substrate is Whatman number 1 filter paper, which is
produced from cotton fibers. While both share a similar crystallinity
index value,® the enzymatic accessibility of filter paper seems to be
higher than that of Avicel. Filter paper also contains a higher
maximum protein absorption capacity and a higgher proportion of
B-glycosidic bonds available to endoglucanases.

Gram-positive, thermophilic bacteria belonging the genus
Caldicellulosiruptor hydrolyze both cellulose and hemicellulose,
and they ferment both Cs and Cg sugars.'”"! Growing cells on
different defined substrates provides the opportunity to inter-
rogate specific physiological responses by measuring changes in
mRNA or protein abundance. In Caldicellulosiruptor bescii,
transcript abundances of 1203 genes changed significantly in a
comparison of cells growing on glucose versus crystalline cellu-
lose substrates.'” The expression of gene clusters encoding
secreted, multifunctional glycosidases increased on cellulose.
A semiquantitative proteomic study compared the secretomes
(the suite of extracellular proteins secreted by an organism) of
Caldicellulosiruptor saccharolyticus and Thermotoga maritima,
when the cells were grown independently and in coculture.'
The investigators used normalized spectra abundance factors
(NSAF), which are derived from counting the number of spectra
obtained for any given protein identified in the sample. NSAF
values have been shown to deliver a reliable measure of protein
abundance.'* We recently reported the time series analysis of
secreted protein abundance for two highly thermophilic bacteria,
Caldicellulosiruptor obsidiansis and Caldicellulosiruptor bescii, during
growth on Avicel.” That project identified more than 400 extra-
cellular proteins, providing valuable information about growth-phase
dependent enrichment of glycosidase enzymes. These proteomics
experiments are overcoming the obstacles of sample preparation,
dynamic range, and variable peptide sensitivity to provide the first
reliable measurements of protein abundance changes.

Several different quantitative proteomics strategies endeavor
to estimate protein abundance in a relative or absolute fashion.

These strategies have recently been applied to compare cellular
strategies to degrade different carbohydrates and biomass. For
example, an isobaric tagging technique coupled with liquid
chromatography—tandem mass spectrometry (LC—MS/MS)
revealed that the actinobacterium Thermobifida fusca only ex-
presses 6 of 36 glycosidase genes in significant amounts for the
degradation of cellulose.”” Another study, employing stable
isotope labeling for reductive dimethylation, identified stoichio-
metric changes in the production of over 100 carbohydrate active
enzymes in Clostridium phytofermentans.'® Likewise, a metabolic
isotope labeling strategy applied to Clostridium thermocellum
uncovered the expression pattern of 41 cellulosomal components
when grown on cellulose or soluble cellobiose.'” In addition to
these isotopic label-based methods, the application of semiquan-
titative, label-free quantitation, based on spectral counts, inten-
sity, and/or chromatographic peak area, has been successfully
used to estimate protein abundance, providinig similar results
compared to those using label-based strategies. "

To understand how C. obsidiansis degrades and ferments
cellulose-based substrates of increasing complexity, cells were
grown on four different substrates: cellobiose, Avicel, filter paper
and dilute acid-pretreated switchgrass. Label-free, semiquantita-
tive proteomics was applied to measure protein levels in both
intra- and extracellular protein fractions, from multiple biological
and technical replicates of each growth condition. The results
provide a robust estimate of changes in protein abundance that
help to explain how these cellulolytic microorganisms attack
compositionally different substrates.

B MATERIALS AND METHODS

Cultivation and Sampling

C. obsidiansis OB47 cultures were grown anaerobically in
150 mL of basal growth medium prepared as described pre-
viously?® using 250-mL bottles (42 mm neck) to allow for ample
head space. Growth experiments were conducted in triplicate
with 0.4 or 0.2% (w/v) substrate for each of the following carbon
sources: cellobiose, Avicel- PH101, Whatman #1 filter paper and
switchgrass21 (Figure 1). The latter was pretreated with dilute
sulfuric acid at the National Renewable Energy Laboratory
(Golden, CO),** washed several times with deionized water to
remove soluble sugars, and dried at 50 °C to obtain the dry
weight. A 2% (v/v) inoculum was passed at least 3 times on the
same carbon source before starting the growth experiment.

Planktonic cell densities were measured using a Petroff-
Hauser microscope counting chamber. For growth experiments
cultures were grown at 75 °C until late stationary phase. Cultures
for proteomics experiments were harvested at the end of the
exponential growth stage as follows. Cell cultures were centri-
fuged twice (5500 g, 4 °C, 30 min), and the supernatants were
filtered through a 0.22 ym PES membrane (Millipore) to obtain
a cell-free fraction (SN). Aliquots of SO mL were processed
immediately for proteomics analysis. To obtain a substrate-free
cell fraction the pellets were resuspended in buffer solution
containing 10 mM MOPS (pH 6.8) and 1 mM DTT, vortexed
vigorously and vacuum filtered through a 3-um glass filter. After
three washes with S0 mL of buffer, the filtrate containing
substrate-free cells was centrifuged (swinging bucket rotor,
3100% g 4 °C, 1S min) and also washed twice to remove any
residual supernatant protein. Aliquots containing S0 mg of cells
were frozen in liquid nitrogen and stored at —80 °C.
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Figure 1. Flowchart illustrating cell culture and sample preparation
scheme. C. obsidiansis was grown in triplicate with 0.4% (w/v) of each
substrate: Avicel (AV), cellobiose (CB), filter paper (FP) and switch-
grass (SW). At the late exponential growth stage all cultures were
centrifuged and filtered to obtain cell-free supernatant (SN) and
substrate-free cells. SN was concentrated by TCA precipitation, and
the cells were lysed by sonication. The proteins in both fractions were
then prepared for mass spectrometric analysis and extracellular (EC)
and whole cell lysate (WCL) samples for each biological replicate were
analyzed as technical replicates in 48 instrument runs. * Switchgrass
supernatant contained colored solutes that interfered with the sample
analysis. A reduction of the substrate load in the cultures to 0.2% (w/v)
did not resolve the problem. However, the WCL data correlated well
with the one obtained from 0.4% w/v and was therefore included in the
statistical analysis.

Sample Preparation for Proteomics Analysis

Cell-free supernatant samples (SN) were prepared for
LC—MS analysis as follows (Figure 1). For each biological
replicate, three S0-mL aliquots of cell-free culture supernatant
were concentrated to approximately 0.5 mL using a Vivaspin
centrifugal device containing a noncellulosic PES membrane
with a 5000 molecular weight cutoff (Sartorius Stedim). Con-
centrated samples were then pooled, precipitated with trichloro-
acetic acid (T'CA) as previously described,” resuspended in 6 M
guanidine-HC], 50 mM Tris-HCI, 10 mM DTT, at pH 8, and
incubated at 60 °C for 1 h. Denatured and reduced protein
samples were then diluted to 1 M guanidine-HCI with 50 mM
Tris-HCl, pH 8.0 and digested with two separate aliquots of
sequencing-grade trypsin (Promega) at a 1:100 enzyme to
protein ratio (w:w) successively overnight and 4 h. Following
digestion, each sample was desalted and solvent exchanged to
acidified water (0.1% formic acid) using a Sep-Pak cartridge
(Waters) as detailed in the manufacturer’s protocol. Peptide
concentrations of the resulting extracellular samples (EC) were
measured using the BCA assay (Thermo-Pierce). Cellular frac-
tions were obtained as follows: 50 mg of cell pellet were
resuspended in 6 M guanidine-HC], 10 mM DTT, pH 8.0 and
lysed via sonic disruption (Branson). Resulting whole cell lysates
(WCLs) were incubated at 60 °C for 1 h and processed to
peptides as described above (Figure 1).

Analysis of Peptides by MudPIT LC—MS/MS

Depending on the fraction, an aliquot corresponding to 25 ug
(EC) or 100 ug (WCL) of peptides was bomb-loaded onto a
biphasic MudPIT back column as previously described.”>**

Loaded peptides were then placed in-line with an in-house
pulled, reversed-phase packed nanospray emitter and analyzed
by either a shortened 3-step MudPIT (EC fraction) or full length
MudPIT (WCL fraction). Although both LC schemes follow a
similar, previously described protocol,"” they differ in the num-
ber of ammonium acetate salt pulses applied to the column with
the shortened, mini-MudPIT consisting of 3 salt pulses (25, S0,
and 100% of S00 mM ammonium acetate) and the unchanged
full length MudPIT consisting of 11 total pulses. LC-separated
peptides were analyzed via either a hybrid LTQ/Orbitrap (EC
fractions) or LTQ-XL (WCL fractions) mass spectrometer
(Thermo Fisher) operating in a data-dependent fashion as
previously described. With regard to Avicel (AV), cellobiose
(CB), and filter paper (FP), a total of two replicate measure-
ments were obtained for each of three biological replicates,
resulting in a total of six LC—MS/MS measurements per
substrate per fraction. For switchgrass (SW) however, a total
of six biological replicates were measured resulting in 12 mea-
surements (Figure 1).

MS Data Analysis and Evaluation

Acquired MS/MS spectra were assigned to specific peptide
sequences using the SEQUEST search algorithm® with a
FASTA proteome database specific to C. obsidiansis.”> The
database contained common contaminant protein entries as well
as reversed decoy sequences to assess protein-level false discov-
ery rates. SEQUEST-scored peptide sequence data were filtered
and assembled into protein loci using DTASelect?® with the
following conservative criteria: XCorr: +1 = 1.8, 42 = 2.5, +3 =
3.5, DeltCN 0.08, and 2 peptides per protein identification with
at least one required to be unique. Prior to semiquantitative
analysis, spectral counts were rebalanced to properly distribute
nonunique/shared peptides between their potential parent pro-
teins as previously described” and raw SpC values for technical
replicates (two total) were averaged so that each biological
replicate was represented by a single SpC value.

After merging the raw SpC data and assembling all substrates
and replicates into an all-inclusive table, each protein (row) was
assigned a prevalence value (PV) represented by the “sum of the
raw SpC assigned over all substrate replicates” divided by the
protein’s “count”, that is, the number of times the protein was
identified across all substrate replicates. PV cut-offs were deter-
mined for both the WCL and EC data sets independently by
plotting sequential PV cutoft values against the number of
proteins that remain after applying said cutoff. The ideal cutoff
was defined by the intersection between the two linear tangents
that best represent the plotted data.

Once PV cut-offs were determined, proteins with incomplete
representation across all substrates and replicates, that is, no raw
spectra collected, were assigned nonzero, fractional SpC values
that allowed these proteins to be included in the ANOVA
analysis. As originally described by Zybailov et al. 2006, this
process replaced “blank”/zero values with fractional spectral
counts, the magnitude of which were determined by an iterative
process that assesses distributional normality on a substrate-by-
substrate basis (see below). Once determined, the fractional
value was applied to the entire subdata set to maintain the
originally measured spectral count differential. These adjusted
values were then converted to normalized spectral counts
(nSpC), an extension of the widely recognized normalized
spectral abundance factor (NSAF)'* that is calculated by multi-
plying the NSAF values by an arbitrary number. In this case,
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NSAFs were multiplied by either 10 000 or 30 000 for the EC and
WCL fractions, respectively. Multiplicative values above repre-
sent a rough average of the number of spectra collected per run
and present a different but equivalent way of comparing normal-
ized abundance values as theoretical spectral counts rather than
the NSAF decimal value.

Once determined for all proteins in the entire data set, the PV
cutoff described above was applied and the nSpC values of the
remaining proteins in the data set were log2 transformed to
obtain a distribution of values that could be plotted to assess
normality, a condition that must be met before applying a
parametric statistical test such as ANOVA. Normality was
assessed by the Shapiro-Wilk test”” (p > 0.05) with JMP
Genomics (SAS Institute, ver. 4.1) on a per substrate basis and
was used to evaluate the ideal fractional spectral count value
applied to the data (see above).

Log2-transformed nSpC values consisting of proteins that
passed the PV cutoff were then imported into the JMP Genomics
program for statistical analysis as previously described.” ANOVA
was used to identify proteins that display significant differences in
abundance per substrate (p < 0.01). All pairwise comparisons
were considered with log2-transformed nSpC values standar-
dized (STD option in JMP) across all substrates on a per protein
basis to identify significantly changing proteins in both the WCL
and EC fractions. Only those proteins that were found to be
significantly different in at least one substrate comparison were
displayed in each respective heat map, with those exhibiting
similar abundance trending grouped into clusters. Relevant
protein groups with spectra counts >$ at least on one substrate
were then chosen from each cluster via handpicking and com-
bined to assess abundance trends on the different substrates.
Although many comparisons could be made, emphasis was
placed on proteins with increased abundance on (i) switchgrass
or (ii) cellobiose vs crystalline cellulose, (iii) decreased abun-
dance on cellobiose vs crystalline cellulose and (iv) proteins with
abundance differences between the crystalline celluloses Avicel
and filter paper.

The predicted protein sequences of C. obsidiansis> were
analyzed for secretory signal peptides and orthologs in other
Caldicellulosiruptor spp. as described previously.” The UniProt
database was accessed to improve gene function predictions,
using the BLASTP tool.*®

B RESULTS

Growth Characterization

To better characterize the growth strategies of C. obsidiansis on
complex substrates, this organism was grown in triplicate on four
different carbon sources: soluble cellobiose, crystalline cellulose
(Avicel and filter paper), and acid-pretreated switchgrass. Plank-
tonic cell densities were monitored and growth rates were
calculated as averages (Figure 2). A t test (alpha of 0.05) indicates
the rates obtained from insoluble substrates do not differ signifi-
cantly from each other, while the growth rate from cellobiose is
significantly higher than the other three. Based on the growth
curves shown in Figure 2, the planktonic cell densities for the
transition state between exponential and stationary growth were
determined to be 1—2 x 10% cells/mL. Cultures were harvested
for proteomics measurements at this point for each specific
substrate. C. obsidiansis can attach to insoluble substrates, thus
planktonic cell counts can only be regarded as an estimate of the
total concentration of cells in the cultures.

Figure 2. Characterization of C. obsidiansis cell growth on different
carbon sources. C. obsidiansis was grown in triplicate 150-mL cultures on
0.4% (w/v) substrate analyzed over time to assess growth. Growth rates
were 0.47 2 0.01 h™" on cellobiose (circles), 0.28 & 0.02 h ™ on Avicel
(squares), 0.30 £ 0.01 h™ " on filter paper (triangles) and 027 & 0.02h ™"
on switchgrass (diamonds). Asterisks indicate the time points of cell harvest
for proteomics analysis at the transition between exponential and stationary
growth stages with an approximate cell density of 1—3 x 10° cells/mL,
depending on the substrate.

Table 1. C. obsidiansis Proteome Characterization for Whole
Cell Lysate (WCL) and Extracellular (EC) Fractions by
LC—MS/MS*

substrate AV CB FP SW

cell fraction WCL EC WCL EC WCL EC WCL EC

NRpro (avg per run) 887 333 1086 329 857 354 866 NA
Raw SpC (avg per run) 30035 8414 42638 9028 27191 7825 27827 NA
Total NRpro IDs 1074 427 1260 422 999 465 1128 NA

Core NRpro in all 713 251 914 249 714 266 631 NA
bio reps
FDR (avg) 1.73% 2.61% 1.61% 3.11%

“SpC, Spectra counts; NR pro, non-redundant proteins; WCL, whole
cell lysate; EC, extracellular; FDR, false discovery rates; NA, not available.

Protein Identification Across Substrates and Fractions
Following LC—MS/MS data acquisition, general proteomic
metrics were compared across all substrates. As shown in Table 1,
similar numbers of nonredundant proteins (NR pro) were
identified in the WCL across all insoluble substrates, while the
number of nonredundant proteins identified when C. obsidiansis
was grown on soluble cellobiose was significantly higher than the
other three substrates. The same trend holds true for the number
of spectra assigned to peptides (SpC) by the SEQUEST database
search algorithm. This trend is less evident in the EC fractions.
None of the three replicates of SW EC could be used, due to
interference by plant-derived compounds with peptides during
reversed-phase sample cleanup or LC—MS/MS data acquisition.
Even a decrease in the SW substrate load to 0.2% (w/v) did not
remedy the problem. However, WCL protein abundance values
obtained from cultures with decreased SW concentrations cor-
related extremely well with the data set obtained at 0.4% (w/v)
and were therefore included in the statistical analysis (n = 6).
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Figure 3. Venn-Diagrams of proteins identified in C. obsidiansis grown
on different substrates. The numbers of proteins measured across all
replicates per substrate are shown while the averages for the replicates
are shown in Table 1. Avicel (AV), filter paper (FP), cellobiose (CB),
switchgrass (SW).

The total number of proteins identified in each growth
condition varied from 1046 to 1283 in the WCL fractions and
290 to 309 in the EC fractions. Searching the MS/MS data
against a FASTA protein database concatenated with a reverse-
decoy set allowed for the assessment of false-discovery rates
(FDR) at the protein-level, which ranged from 1.61 to 3.11% on a
per substrate basis. Taken together, a total of 1435 C. obsidiansis
proteins were identified across all samples (~65% proteome
coverage), with 1395 identified across all substrates in the WCL
fraction and 578 in the EC fraction (Figure 3). A core set of
proteins identified across all substrates included 864 proteins in
the WCL fractions and 305 proteins in the EC fractions. A set of
541 highly expressed proteins was identified in both the WCL
and EC fractions for all substrates.

Data Processing and Statistical Analysis

To provide a statistically relevant data set, both biological and
technical replication were employed (Figure 1). To assess
significant differences in protein abundance as a factor of
substrate, one-way analysis of variance (ANOVA) was per-
formed. However, before applying this parametric test, several
prerequisites must be met, including independent, random
sampling of normally distributed data (for data processing see
Supplemental Figure 1, Supporting Information). It has been
shown previously'* that both representing “blank” values and
converting spectral counts to normalized spectral abundance
factors (NSAF) fulfill the necessary prerequisites to substantiate
the use of parametric testing once the data have been log-
transformed. The maintenance of normality, however, requires
that a small fraction of the collected data, specifically those
proteins that are spectrally under-represented, are removed from
the analysis. Previously, this data trimming has been accom-
plished by requiring proteins to be identified at least one time per
condition.'* Although effective, this constraint eliminates pro-
teins that may be abundant in one condition but not found in
another, which tend to be some of the more interesting observa-
tions when considering differential proteomic analyses. To help
bring this class of proteins through to the ANOVA analysis, a
different cutoft strategy was employed in which each protein was

Table 2. Protein Abundance Correlations in Percent Show
Reproducibility of Proteomics Measurements”

CB AV FP SW
substratet  WCL EC WCL EC WCL EC WCL EC
CB 973 934
AV 864 723 965 910
FP 886 540 994 891 932 972
SW 86.5 NA 976 NA 97.7 NA 982 NA

“AV, Avicel; CB, cellobiose; FP, filter paper; SW, switchgrass; WCL,
whole cell lysate; EC, extracellular fraction; NA, not available.

assigned a prevalence value (PV) as described in the Materials
and Methods section. By plotting different PV cutoft values
against the number of proteins that remain in the analysis, a curve
is generated that allows for the identification of a reasonable
cutoff value. As shown in Supplemental Figure 2 (Supporting
Information), PV cutoff values of 1.4 and 1.25 were identified and
applied to both the WCL and EC data sets, respectively. This
process effectively trimmed the data sets from 1395 total NR
proteins in the WCL to 956, and from 578 to 344 in the EC
fraction, while maintaining 99.2% (WCL) and 98.5% (EC) of the
total raw spectra collected for either fraction.

As proteins with spotty, albeit biologically relevant spectral
representation are able to pass the PV-filter, for example, those
that exhibit conditionally discrete expression patterns, missing
values must be represented to properly log-transform the data for
subsequent ANOVA analysis. The iteratively determined frac-
tional spectra count was thus applied to all values of the substrate
subdata set, effectively shifting the data away from zero while
maintaining the originally measured spectral count differential
(see Materials and Methods). Values of 0.31 (AV), 0.73 (CB),
0.39 (FP), and 0.16 (SW) were applied to the WCL fraction and
0.33 (AV), 0.40 (CB), and 0.33 (FP) for the EC fraction.

The processed data sets (readjusted, PV-filtered, normalized
spectral counts) were then log2-transformed and assessed for
normality by the Shapiro-Wilk test.”” Data distributions are
shown in Supplemental Figure 3 (Supporting Information). All
data sets achieved p-values greater than 0.05, suggesting that the
data are normally distributed.

Sample-to-sample variation was assessed by Pearson correla-
tion analysis using all nSpC data points after blank-substitution.
As shown in Table 2, the average correlation between biological
replicates in both WCL and EC fractions ranged from 91.0 to
98.2%, with an overall average greater than 95% across all
biological replicates. Comparing correlation values across sub-
strates, the CB data set varied the most when compared to the
other cellulose-based substrates, a trend that was consistent
across both the WCL (as low as 86.4% similar) and EC (as
low as 54.0% similar) fractions.

Identification of Significantly Changing Proteins

Following data processing, proteins that passed the PV cutoff
were moved to JMP Genomics for statistical analysis. In total, 956
WCL and 344 EC proteins were independently analyzed by one-
way ANOVA analysis to identify those proteins that displayed
differential abundance patterns due to growth on a particular
substrate (Supplementary Tables 1 and 2, Supporting In-
formation). Once p-values were calculated across multiple pair-
wise analyses, only those proteins that had a p-value <0.01,
indicating a significant change in abundance in at least one

5306 dx.doi.org/10.1021/pr200536j |J. Proteome Res. 2011, 10, 5302-5314



Journal of Proteome Research

Figure 4. Heat maps show proteins whose abundances changed significantly in the whole cell lysates (WCL) and the cell-free culture supernatant (EC).
LC—MS/MS data sets were acquired in biological triplicates and technical duplicates. Peptides were identified using SEQUEST, and NSAF values for
each protein were log2 transformed and standardized for one-way ANOVA analysis. Abundances at each time point range from low (green) to high
(red). Clusters are colored differently for clarity and labeled WCL-A to -H and EC-I to -N.

substrate comparison, were considered for cluster analysis and heat
map generation (Figure 4). Abundance trends were evaluated on a
protein-by-protein basis, with each protein’s abundance pattern
normalized to itself (0—100%, Supplemental Tables 1 and 2,
Supporting Information). Proteins exhibiting similar trend profiles
were clustered into groups in order to indirectly assess substrate-
dependent protein expression. As protein abundance estimates were
never compared between proteins (i.e., protein X is 2-fold greater
than protein Y), abundance estimate bias inherent to MS-based
peptide identification was avoided.

Identification of the Most Abundant Proteins Across the
Substrates

The clustering in Figure 4 is based on standardized values
rather than the absolute abundance of proteins, which bins
proteins by their trending similarity. Proteins with high average
abundance levels across all substrates are shown in Table 3 for the
whole-cell fraction (average nSpC >200) and in Table 4 for the
extracellular fraction (average nSpC > 100). Although cell lysis
likely released abundant cytosolic proteins into the supernatant,
the known, abundant extracellular C. obsidiansis proteins were
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Table 3. Most Abundant C. obsidiansis Proteins in Whole Cell Lysates Based on Normalized Spectra Counts”

locus annotation SigP CB AV FP SW mean fold change
0164 DNA-binding protein, AbrB family N 1639 4228 4236 3931 3508 2.6
0604 DNA-binding protein, histone family N 718 1175 988 1083 991 1.6
1147 Glyceraldehyde-3-phosphate dehydrogenase N 868 894 988 803 888 12
1150 Enolase N 631 590 78S 645 663 1.3
0549 Extracellular solute-binding protein, family 1 Y 330 352 435 1083 550 33
1918 Chaperonin GroEL N 522 453 522 495 498 12
0739 Translation elongation factor Tu N 484 432 S1S 478 477 12
1368 Stage V sporulation protein S N 288 486 556 S19 463 1.9
1026 Ribosomal protein L7/L12 N 177 529 524 294 381 3.0
1145 Pyruvate, phosphate dikinase N 345 299 348 339 333 1.2
2069 S-layer domain-containing protein Y 317 274 339 386 329 1.4
0154 Rubrerythrin N 318 292 263 217 272 1.3
2305 Stage V sporulation protein S N 359 238 182 239 254 1.3
1616 ATPase N 394 161 225 171 238 14
0807 Pyruvate ferredoxin oxidoreductase subunit N 313 208 281 133 234 2.1
0576 Fructose-1,6-bisphosphate aldolase, class II N 189 209 161 270 207 1.7
“Normalized spectra counts; CB, cellobiose; AV, Avicel; FP, filter paper; SW, switchgrass; SigP, SignalP predictions.
Table 4. Most Abundant C. obsidiansis Proteins in Cell-free Supernatant Based on Normalized Spectra Counts”
locus annotation SigP CB AV FP mean fold change
0440 Unknown protein Y 282 877 1374 844 4.9
1150 Enolase N 513 471 391 458 13
0918 Flagellin domain protein N 87 528 667 427 7.7
0549 Extracellular solute-binding protein, family 1 Y 510 417 95 340 54
2069 S-layer domain-containing protein Y 319 396 215 310 1.8
1145 Pyruvate, phosphate dikinase N 270 283 230 261 12
1673 Bifunctional multidomain glycosidase (CelA) Y 465 94 130 230 5.0
2294 Unknown protein N 313 286 90 230 3.5
1377 Malonyl CoA-acyl carrier protein transacylase N 216 211 131 186 1.6
0739 Translation elongation factor Tu N 258 105 154 172 2.5
1918 Chaperonin GroEL N 251 126 135 171 2.0
1687 Unknown protein Y 34 207 229 157 6.7
1147 Glyceraldehyde-3-phosphate dehydrogenase N S3 196 166 138 37
1919 Chaperonin Cpnl10 N 160 59 100 106 2.7
1907 Aminotransferase class V N 130 76 97 101 1.7

“Normalized spectra counts; CB, cellobiose; AV, Avicel; FP, filter paper; SW, switchgrass; SigP, SignalP predictions.

still detected within the top 10 extracellular proteins (Table 4).”
This set includes CelA, the major cellulase secreted by Caldicellulo-
siruptor spp.

Protein Abundance Variation on the Different Carbon
Sources

To visualize the distribution and signal intensity for selected
proteins from different WCL and EC clusters, the nSpC values
were plotted as bar graphs (Figure S). Plotted proteins required
at least five normalized spectra counts (nSpC) in one of the
measurements and belong to one of the following groups:
glycosidase (GH), pentose hexose metabolism (PHM), ABC-
transporter component (ABC), extracellular binding protein
(EBP), flagellar protein (Fla), pilus protein (Pil), or chemotaxis
protein (CT). Proteins in these sets differed by several orders of
magnitude in abundance, therefore a log scale was chosen to
illustrate these nSpC values in Figure 5. Figure SA shows proteins
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with increased abundance on cellobiose compared to crystalline
cellulose (clusters: WCL-D and -E and EC-M), while Figure SB
shows proteins with decreased abundance on cellobiose
(clusters: WCL-C and EC-I). Proteins with abundance differ-
ences observed between the two crystalline celluloses are repre-
sented in Figure 5C, with those higher on Avicel originating from
clusters WCL-G and -H and EC-K and -L and those higher on
filter paper from WCL-B and -F and EC-J and -N. Figure 5D
shows proteins with abundance increases in the cell lysates
obtained from switchgrass cultures compared to crystalline
cellulose, including clusters WCL-A and -B.

B DISCUSSION

Sixty-five percent of C. obsidiansis’ 2192 open reading frames
were represented by a protein product, identified by at least
two raw SpC across both cellular (WCL) and extracellular (EC)
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Figure S. Abundance changes of selected proteins. (A) Proteins with higher abundances in cellobiose-grown cells (CB, blue) than in crystalline
cellulose-grown cells: Avicel (AV, red) and filter paper (FP, gray). (B) Proteins that were more abundant in crystalline cellulose-grown cells than in
cellobiose-grown cells. (C) Proteins more abundant in either Avicel or filter paper-grown cells. (D) Proteins that were more abundant in switchgrass-
grown cells (SW, green) than in Avicel or filter paper-grown cells. Proteins with more than S spectral counts on any of the substrates were included and
grouped as following: glycosidases (GH) including family number, proteins involved in pentose and hexose metabolism (PHM), ABC-transporter
components (ABC) and extracellular binding proteins (EBP) that can be part of an ABC transporter, proteins containing S-layer homology domains
(SLH), proteins involved in cell motility or adhesion such as flagella (motility (Fla) or pili (Pil) and chemotaxis proteins (CT)).
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fractions. Acquiring data sets across four different substrates and
two cellular fractions enabled this deep coverage and identified
many proteins that were unique to specific growth conditions. In
comparison, 286 (11%) intracellular proteins were identiﬁed
from the 2679 predicted protein in C. saccharolyticus™ and
1429 (54%) of 2666 predicted protein- codmg sequences were
confirmed by proteomic analyses of C. bescii.'> A large core group
of proteins was identified across all substrates in the present study
of C. obsidiansis. WCL and EC fractions shared many of the same
proteins which most likely results from (i) intracellular produc-
tion of proteins in the process of being secreted, (ii) secreted
proteins that bind to the cell wall, and/or (iii) cytosolic proteins
released into the supernatant by cell lysis. For these reasons our
previous analysis of 418 EC proteins (19%) secreted by C.
obsidiansis over the course of its growth provided a more focused
picture of the cells’ secreted cellulolytic apparatus.” In the present
study, cultures were sampled only at the transition from expo-
nential to stationary growth phases. It was previously shown that
the abundance of the both C. obsidiansis’ and C. bescii’s cellulose-
degrading glycosidases sharply increased at this transition point,
despite increased cell lysis and protein adsorption to insoluble
substrates.” Our previous experiments demonstrated a strong
correlation between extracellular cellulase activity and NSAF-
derived protein abundance,” supporting the robustness of this
semiquantitative approach to determine how C. obsidiansis’
proteome adapts to degrade cellulosic substrates of varying
constitution and complexity. Clearly, future experiments could
use internal protein or peptide standards to calibrate NSAF-
derived protein abundances for individual glycosidases.”

Cellulose versus Cellobiose

The cellulolytic strategy employed by C. obsidiansis includes
the secretion of three major multidomain, multifunctional en-
zymes (CelA, COB47 1673 CelB, COB47_1671; and CelC-
ManB, COB47 1669) Although these proteins function as
both endo- and exoglycosidases, effectively allowing them to act
on substrates with a high degree of polymerization, their highest
levels were measured in the secretome of disaccharide-grown
cultures. These results could be explained by glycosidase deple-
tion in the cellulosic media, caused by enzymes binding to
insoluble substrates. All three enzymes contain multiple CBM3
(carbohydrate-binding module, family 3) domains that bind
cellulose, and they were readily purified by cellulose affinity
digestion.” Alternatively, cellobiose or its degradation products
could induce glycosidase expression: cellobiohydrolases produce
cellobiose through cellulose hydrolysis, making this molecule a
good proxy for cellulose abundance. Cellobiose induces cellulase
expression in the fungus Trichoderma reesei,>”*" the aerobic
bacterium Actdothermus cellulolyticus,*® and the actinomycete
Thermobifida fusca.®® In contrast, C. thermocellum grown on
crystalline cellulose demonstrated much higher levels of cellulase
production than cellobiose-grown cells, implicating alternative
modes of cellulase regulation.”>*> Caldicellulosiruptor spp. likely
use multiple levels of cellulase regulation, because these enzymes
are expressed regardless of carbon source, even in glucose or
xylose-grown cultures.'>'*3*

Our previous analysis of C. obsidiansis extracellular proteins
identified the highly abundant flagellin protein (COB47_0918).”
The present study identified more proteins from the flagellar
apparatus (COB47_0909, 0910, 0918, 1945, and 1948) as well as
putative chemotaxis proteins (COB47_ 2013, 2012, 2007, 1929
and 1403) in cells grown on all four substrates. The production of

flagellar proteins appears to increase with growth on the crystal-
line celluloses compared to cellobiose (Figure SB), suggesting
that high concentrations of the disaccharide may repress flagellar
biosynthesis. In contrast, chemotaxis protein abundance was
highest in cellobiose-grown cells (Figure SA). We have not
observed motility or chemotaxis in these cells, and no flagella
have been observed by microscopic observation of planktonic
cells. It is possible that the cells have undetected, fine flagella that
are used for motility in the absence of cellobiose, or that the
flagella facilitate cellular attachment to insoluble substrates, as
observed in Clostridium difficile.’® The substrate adhesion of
Caldicellulosiruptor cells, as well as their formation of a biofilm,
could increase enzyme efficacy by tethering cells close to thelr
substrate and limiting the diffusion of hydrolysis products.*® C.
obsidiansis also produced the components of Type IV pili,
indicated by the increased abundance of COB47 1682, 1687,
1690, and 1691 proteins during growth on insoluble substrates
(Figure S). In addition to their role in cellular attachment, Type
IV pili can confer gliding motility in some bacteria, such as
Clostridium perfringens.”’

Due to the energetic cost of importing substrates, as well as
ATP gains realized by phosphorolytic cleavage of oligosacchar-
ides as opposed to hydrolysis, it is energetically more favorable to
take up oligosaccharides with higher degrees of oligomerization.*®
Two GH94 proteins homologous to cytosolic cellobiose/cello-
dextrin phosphorylases (COB47_0414 and 0415) were slightly
more abundant in cellobiose-grown cells (Figure SA). Phyloge-
netic analysis identified a cluster of orthologous proteins that
includes COB47_0415 and the CepA cellobiose phosphorylase
from Clostridium stercorarium (data not shown). Another cluster
includes COB47_0414 and the CepB cellodextrin phosphorylase
from C. stercorarium that catalyzes the phosphorolysis of celloo-
ligosaccharides with degrees of polymerization of 3 to 6.>° Gene
expression data from C. saccharolyticus** and protein abundance data
from C. obsidiansis indicate the cells may use highly abundant ATP-
binding cassette (ABC)-transporters (COB47_0547—0550 and
perhaps the ATPase subunit COB47 1616) to import cellobiose
or short-chain cellooligosaccharides (Figure 6).

Avicel versus Filter Paper

Both forms of crystalline cellulose share similar crystallinity
indices, and the protein abundance correlation between cells
grown on each substrate is high (Table 2). Filter paper, which has
a higher degree of polymerlzatlon than Avicel and four-times
higher accessibility to cellulose,*" elicits an increased abundance
of potential adhesion structures like flagella and pili. It is possible
that the hydrolysis of Avicel releases more monosaccharides or
short chain oligosaccharides that might suppress flagellar forma-
tion as described above. Six EBPs were more abundant in Avicel-
grown cells (Figure SC), including the COB47 0784 and 0788
proteins that we observed previously.” The orthologous C.
saccharolyticus transporter transcripts were not identified in a pre-
vious study when the organism was grown on monosaccharldes

C. obsidiansis also imports monosaccharides.”® Glucose is a
major reactlon product from the hydrolysis of crystalline cellu-
lose by CelA,* the most abundant glycosidase observed across
several species. Additionally, a GH1 enzyme (COB47_0413)
similar to the divalent cation-dependent 3-glucosidase BglA from
Clostridium cellulovorans** was identified in cellobiose and Avicel
cultures but seems to be less abundant upon growth on filter
paper. Like its orthologs in C. bescii and Clostridium spp.,
COB47_0413 was found exclusively in the extracellular fraction
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Figure 6. Proposed mechanisms for biomass deconstruction and carbohydrate metabolism in C. obsidiansis. Locus numbers are shown without COB47
prefixes in red for mass spectrometrically identified proteins and in gray for genome-encoded but not detected proteins. (A) Degradation of cellulose and
hemicellulose by a small number of multifunctional, multidomain glycosidases that are usually cell-free except for one potentially cell wall-associated
glycosidase (0546) (sizes are not proportional). ABC-transporters that can transport mono- and oligosaccharides are composed of extracellular binding
protein (EBP), permease (Perm) and ATPase subunits. The highly abundant ATPase COB47 1616 may serve the highly abundant COB47_0548/49
transport system (Tables 3 and 4). Sugar import is followed by phosphorolysis and hydrolysis of oligosaccharides by cytosolic enzymes. GH, glycosidase;
CBM, carbohydrate-binding module; SLH, S-layer homology domain. (B) Sugars derived from xylan and pectin hydrolysis are enzymatically converted
into glyceraldehyde-3-phosphate and 2-keto-3-deoxy-6-phosphogluconate that are subsequently converted into the fermentation products acetate,
lactate, CO,, H, and ethanol. Enzymes in red were found to be more abundant in switchgrass-grown cell lysates.

although it contains no Sec-pathway translocation signal'* and
must be secreted using a different pathway. Members of this /3-
glucosidase family release hexoses from a variety of plant cell wall
polymers;** therefore, further studies will be required to deter-
mine whether this enzyme primarily functions in cellulose
degradation.

Switchgrass versus Crystalline Cellulose

Although extracellular proteomic data for switchgrass decon-
struction is unavailable at this time, data from the whole-cell
analysis as well as extracellular proteomic data from model
substrates described here and in previous studies”"*** suggest
that C. obsidiansis employs a concerted enzymatic strategy to

degrade complex biomass, as proposed in Figure 6A. A similar
proteomic study using purified C. thermocellum cellulosomes
showed reduced abundance of xylanases in switchgrass-grown
cultures.®® C. thermocellum cannot use Cs suga.rs;38 therefore, it
might have a different regulatory system for hemicellulase expres-
sion than Caldicellulosiruptor spp. Pili proteins, glycosidases and
carbohydrate uptake components, numerous hemicellulases,
ABC-transporters and enzymes involved in pentose metabolism
exhibit increased abundance on switchgrass compared to the
crystalline substrates (Figure SD). Acidic pretreatment partially
hydrolyzes switchgrass hemicellulose, although the solids may retain
some sugars besides glucose.® As a result, C. obsidiansis expressed a
variety of enzymes to hydrolyze glucuronoarabinoxylan, a polymer
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comprised of a 3-1,4-xylosyl backbone with arabinose, glucuronate,
and acetyl side chains.” Xylose and arabinose are the most common
monosaccharides obtained from hemicellulose hydrolysis, followed
by galactose as well as small amounts of mannose, rhamnose, fucose
and uronic acids.’ The CelB and CelC glycosidases have broad
substrate specificities and are actively involved in hemicellulose
degradation.**>#%7

Glycosidases with putative secretion signals and increased
abundance in switchgrass-grown cell lysates may represent the
extracellular glycosidase complement. The abundance of the
putative [3-1,4-endoglucanase/mannanase/xylanase COB47_0546
increased in these lysates. This enzyme contains a catalytic GHS
domain, a CBM28 amorphous cellulose binding module, and
three S-layer homology (SLH) domains. The homologous
enzyme in C. bescii (Cbes_0594) has been suggested to be
attached to the cell-wall via the SLH modules and could promote
cellular attachment to the substrate.'* The COB47_2124 protein
also increased in abundance. This enzyme contains a GH3
catalytic module that is similar to the Thermoanaerobacter
ethanolicus XarB protein, which mainly functions as a -xylosi-
dase or a-arabinosidase but also exhibits 3-glucosidase activity.**
The GH31 enzyme COB47_1828 is a conserved a-xylosidase,
similar to the Escherichia coli Yicl protein.* Another hemicellu-
lolytic enzyme with significantly increased abundance on switch-
grass is the a-L-arabinofuranosidase (COB47_1422), an enzyme
with a GHS1 domain that cleaves arabinofuranoside side chains
of hemicelluloses.>® A recent microarray analysis of gene expres-
sion levels in C. saccharolyticus cells grown on switchgrass
indicates that species uses 2 different gene complement for
hemicellulose degradation.>* C. obsidiansis has no equivalent to
the xynB-xynF gene cluster of endoxylanases and f-xylosidases
that are transcribed at low levels in C. saccharolyticus. Conversely,
C. saccharolyticus has no homologues of the abundant COB47_0546
and COB47_1422, described above.

COB47_0791 was also most abundant on switchgrass and
consists of a GH67 domain similar to the a-glucuronidase AguA
from Thermotoga maritima, which cleaves the glucuronic acid
residues of xylooligosaccharides. In close genomic proximity and
similarly clustered is the EBP COB47_0786 that could help
import the resulting monosaccharides. Annotated as polygalac-
turonase, the COB47_2144 protein contains a GH28 catalytic
domain that is conserved in all known Caldicellulosiruptor spp.
and could degrade pectin,®* a minor component of plant cell
walls that contains a galacturonic acid backbone. While C.
saccharolyticus also expresses a homologue of COB47 2144, that
gene is not up-regulated during growth on switchgrass, and those
cells have no ortholog of the COB47_0786 protein™*

The main reaction products of the above listed enzymes are
most likely monomeric p-xylose, L-arabinose, and D-galacturo-
nate. This is substantiated by the increased prevalence of
enzymes involved in pentose metabolism (Figure 6B) and
glucuronate degradation.** Xylose isomerase (COB47_0553)
converts D-xylose to D-xylulose, which is phosphorylated by a
xylulokinase (COB47_0551) resulting in D-xylulose-S-phos-
phate. L-arabinose is converted to the same metabolite by the
concerted action of a ribulokinase (COB47_2004) and ribulose-
phosphate-S-epimerase (COB47_2002). A similar pathway of
pentose conversion was identified in C. saccharolyticus,** with
mostly orthologous enzymes except for COB47_0553. Transke-
tolase (COB47 1830) and transaldolase proteins convert -
xylulose-S-phosphate to p-glyceraldehyde-3-phosphate, a central
metabolite.

Highly Abundant Proteins Across All Substrates

Several proteins were identified that do not change signifi-
cantly but were highly abundant on all substrates. Cytosolic
enzymes that metabolize triose phosphate intermediates were
consistently detected at high levels, including fructose-1,6-bi-
sphosphate aldolase (COB47_0576), glyceraldehyde-3-phosphate
dehydrogenase (COB47_1147), enolase (COB47_1150), phos-
phoenolpyruvate synthase (COB47_1145) and a pyruvate:fer-
redoxin oxidoreductase (PFOR) subunit (COB47_0807). Like
other iron—sulfur cluster containing enzymes, PFOR is sensitive
to oxidative stress. Iron-containing rubrerythrin (COB47_0154)
is one of the most abundant proteins identified across all
substrates, and could be regulated by the adjacent PerR-type
transcriptional regulator (COB47_0155) that senses H,0,.>*
Rubrerythrin can act as a peroxidase in Clostridium acetobutyli-
cum, and could reduce oxidative damage, together with abundant
desulfoferredoxin (COB47_1062), which reduces O, to
H,0,. The red coloring of the cell pellets could be due to
oxidation of ruberythrin (data not shown).

Another group of highly abundant proteins includes DNA-
binding proteins and the chaperones GroEL and Cpnl0. The
most abundant protein is the 80 amino-acid DNA-binding
protein AbrB (COB47_0164). The B. subtilis homologue binds
many sites on the chromosome, contributing to both chromo-
somal structure and transcriptional regulation. Its binding influ-
ences biofilm formation, motility, competence development and
extracellular enzyme synthesis, especially during the transition
period between exponential and stationary growth phases.>* Two
homologues of the B. subtilis SpoVS protein (COB47 1368 and
2305) share 80% identity and are both highly abundant. These
putative DNA-binding proteins are widely dlstrlbuted among
bacteria and could function analogously to AbrB.**

Several proteins containing SLH domains and secretion
signals were also highly abundant in both cellular and extra-
cellular fractions (Supplemental Table 1 and 2, Supporting
Information). In many Gram-positive bacteria, SLH domains
bind to pyruvate-modified carbohydrates in peptidoglycan, an-
choring the proteins to the cell wall.*® A handful of genes
encoding SLH domains were up-regulated and expressed extra-
cellularly when C. bescii was grown on ﬁlter paper or xylan,
suggesting a role in substrate attachment.'” The most abundant
SLH domain protein (COB47_2069) is an ortholog of the C
saccharolyticus paracrystalline S-layer protein (Csac 2451);>'
both resemble the S-layer glycoprotein SlpC of Lysinibacillus
sphaericus.”’ Tt is possible that C. obsidiansis contains an S-layer,
which could be glycosylated using modified sugars produced by
the dTDP-glucose-4,6 dehydratase (COB47_0053) and the
dTDP-4-dehydrorhamnose reductase (COB47_0057) enzymes.>®

The unknown proteins COB47_0440, 2294, and 1687 are also
among the most abundant proteins in the extracellular fraction.
While COB47_1687 is possibly involved in pilus formation, the
role of the former two is not clear and could potentially be
investigated in future studies.

Il CONCLUSIONS

The quantitative proteomics data collected in this study
indicate that primary glycosidase and transporter expression in
C. obsidiansis occurs constitutively but is increased and augmen-
ted in response to varying substrates. Switchgrass elicited in-
creased abundance of hemicellulose-targeted glycosidases and an
expanded set of EBPs to import new sugars. To optimize the
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microbial or enzymatic biomass conversion with members of the
Caldicellulosiruptor genus, more in-depth studies will be required
to test the suggested hypotheses. Comparative studies employing
transcriptomics could be integrated with the proteomics data to
give a more complete picture of variations in gene-expression, as
well as reveal additional levels of post-transcriptional regulation
and rates of protein turnover. Additionally, the isolation or
recombinant production of several glycosidases could allow more
insight into their substrate specificities. Finally, the establishment
of a genetic system for Caldicellulosiruptor spp. could enable the
production of gene-targeted mutations that would both aid in the
understanding of the metabolic protein machinery employed by
the organism as well as upgrade its fermentation product mixture
to produce alcohols for CBP.
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