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ABSTRACT

The thermophilic fungus Chaetomium thermophilum
holds great promise for structural biology. To in-
crease the efficiency of its biochemical and struc-
tural characterization and to explore its thermophilic
properties beyond those of individual proteins, we
obtained transcriptomics and proteomics data, and
integrated them with computational annotation meth-
ods and a multitude of biochemical experiments
conducted by the structural biology community. We
considerably improved the genome annotation of
Chaetomium thermophilum and characterized the
transcripts and expression of thousands of genes.
We furthermore show that the composition and struc-
ture of the expressed proteome of Chaetomium ther-
mophilum is similar to its mesophilic relatives. Data
were deposited in a publicly available repository and
provide a rich source to the structural biology com-
munity.

INTRODUCTION

Thermophilic proteins are known to be more stable than
their mesophilic counterparts (1,2) and have been suc-
cessfully utilized by structural biologists for the three-
dimensional characterization of many proteins and protein
complexes. However, until recently, this approach had been

restricted to bacteria and archaea, because thermophilic eu-
karyotes are rare and often difficult to culture in the lab-
oratory. This limitation can be overcome with the recent
genome sequencing of several thermophilic fungi. In partic-
ular Chaetomium thermophilum (Ct), which has an optimal
growth temperature of 50-55°C and is cultivatable in sev-
eral standard media, is developing into a powerful model or-
ganism in which several proof of principle studies on three-
dimensional characterization have already been performed
(3-8). In total, 19 Protein Data Bank (PDB) entries using
Ct have already been deposited since its genomic sequence
became available in 2011 (3), 12 of which occurred in 2013
(Figure 1), illustrating the importance of genomic informa-
tion as a prerequisite for structural investigations.

The original analysis of the 28.3 Mb Ct genome (20 scaf-
folds) (3) was based on DNA sequencing, ab initio gene
prediction and automatic annotation, which identified 7227
protein coding genes. The accuracy of gene models, solely
based on genomic sequence data, relies entirely on gene pre-
diction algorithms, which are known to be far from accurate
(9). To further facilitate the use of Cr as a model organism
for structural biology, we have refined its genome annota-
tion using a strategy that integrates large-scale proteomics
and next-generation RNA sequencing data sets with bio-
chemical and bioinformatics analysis. We identified vari-
ous novel and previously non-annotated genes, corrected
intron-exon structures, improved confidence in expression
of gene termini and annotated non-coding RNAs. We con-
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Figure 1. Literature overview of PDB-deposited structures and scientific
publications derived from or referring to Chaetomium thermophilum pro-
teins. Structures deposited before initial genome sequencing in 2011 were
enabled by access to partial genome information.

sidered a multitude of individual biochemical experiments
as a validation for the annotated gene models. We improved
the functional characterization of 2853 genes and provided
a detailed analysis of genomic repeats and potential trans-
posable elements in Cz. The proteomic analysis alone is the
first of its kind in a thermophilic eukaryote and quanti-
fies the expression of 4297 genes at the protein level. By
comparing the global protein expression pattern of Ct to
a mesophilic relative, we demonstrate that there is little de-
viation of protein abundances within orthologous groups.
These findings suggest that adaption to thermophily pri-
marily occurs at the individual protein level and underline
the suitability of Ct as a model organism for structural biol-
ogy studies of eukaryotes. We have integrated the data into a
publicly available database that should serve as a rich source
for the scientific community.

MATERIALS AND METHODS
Cell culture

Chaetomium thermophilum was obtained from Deutsche
Sammlung von Mikroorganismen und Zellkulturen
(DMSZ No.: 1495). All cultures were grown under
standard media conditions as defined by the DMSZ.

RNA sequencing

Whole RNA was extracted from Cr grown at 50°C us-
ing RNeasy kit (Quiagen) according to the procedure de-
scribed by the manufacturer. The mRNA was derived by
poly-A purification and subjected to next-generation se-
quencing (Illumina RNAseq). In total 74 million reads
were obtained by paired-end reading (50 base), subjected to
trimming using FASTX toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/index.html), quality control (reads < = 30 bp
in size after trimming were removed) and mapped to the

published Ct genome (2011) using Bowtie 2 (10) with de-
fault parameters.

Preparation of proteomic samples

Proteins were extracted from Ct cells grown under stan-
dard conditions in 4 M urea buffer containing 0.2% (W/v)
Rapigest® detergent. Carbamidomethylation, enzymatic
digest and peptide purification was performed as previously
described (11). Purified peptide mixtures were lyophilized
in a vacuum concentrator and stored at —20°C until further
use.

Peptide fractionation

To maximize protecome coverage, peptide digests from Ct
lysate were subjected to different high pH reversed phase
separation strategies as well as strong anion exchange
(SAX) chromatography. The collected data were subse-
quently combined.

High pH reversed phase fractionation: peptides were frac-
tionated on an Agilent 1200 Infinity HPLC system with a
Gemini Cyg column (3 pm, 110 A, 100 x 1.0 mm, Phe-
nomenex) using a linear 60 min gradient from 0% to 35%
(v/v) acetonitrile in 20 mM ammonium formate (pH 10) at
a flow rate of 0.1 ml/min. Alternatively, a stepwise gradient
at the same flow rate was used (6 min steps of increasing ace-
tonitrile (v/v) content: 11.1%, 14.5%, 17.4%, 20.8%, 45%).
Elution of peptides was detected with a variable wavelength
UV detector set to 254 nm. Thirty two fractions were col-
lected along with the linear LC separation that were subse-
quently pooled into six fractions using a post-concatenation
strategy as previously described (12). Five fractions were
collected using the stepwise elution.

SAX chromatography: SAX fractionation of peptides was
performed as previously described (13). In brief, six frac-
tions were obtained by elution of peptides under varying
pH conditions (flow through, pH 12, pH 8, pH 6, pH 4, pH
2). All fractions were dried in a vacuum concentrator and
then stored at —80°C until LC-MS/MS analysis.

MS analysis

Peptides were separated with a BEH300 C18 (75 pm x 250
mm, 1.7 pm) nanoAcquity UPLC column (Waters) using
a stepwise 145 min gradient from 3% to 85% (v/v) ace-
tonitrile in 0.1% (v/v) formic acid at a flow rate of 300
nl/min. The LTQ-Orbitrap Velos Pro instrument was op-
erated in data-dependent mode. Parameters for the CID-
based method used one survey MS scan acquired in the or-
bitrap followed by up to 20 fragmentation scans (TOP20) of
the most abundant ions analysed in the LTQ. Only charge
states of two and higher were allowed for fragmentation. Es-
sential MS settings were: full MS: AGC = 10°, maximum
ion time = 500 ms, m/z range = 375-1600, resolution = 30
000 FWHM; MS2: AGC = 30 000, maximum ion time = 50
ms, minimum signal threshold = 1500, dynamic exclusion
time = 30 s, isolation width = 2 Da, normalized collision
energy = 40, activation Q = 0.25.
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Figure 2. Summary and added value of the analyses performed on the experimental transcriptomics and proteomics data, which included: refinement of
intron/exon structures, analysis of previously predicted ORFs that contain a stop codon, de novo ORF /peptide analysis and expression analysis of protein

termini.

MS database search

MS peptide spectra were searched against the Ct database
of nuclear genome-encoded proteins (published in 2011)
(3) including common protein contaminants using the
MaxQuant search engine (version 1.305) (14). A protein
and peptide false discovery rate (FDR) of 1% was de-
termined by target-decoy-based search (reverse database
search). All peptides showing a score < 60 were excluded
from the analysis.

Major protein ID was used for identified protein groups.
For the proteomic validation of novel sequence annotations,
dedicated databases were used: an additional 63 gene mod-
els were contained, which were originally excluded from the
UniProt and EMBL genome databases because they con-
tained a STOP codon close to the 5° region. For the vali-
dation of intron retention (de novo exons), a database was
used in which 3098 protein-coding sequences were modi-
fied by including additional sequence stretches previously
annotated as introns. For the validation of novel genes, a 6-
frame ORF database was created containing proteins con-
catenated to translations in all six reading frames of parts of
the genome that do not contain annotated genes. Proteome

data are available for download at the new genome browser
website (see visualization paragraph in the results section).

Orthologous group mapping

Functional annotation was performed by mapping the
unannotated Ct proteins to annotated orthologous groups
in eggNOGv3 (15). This was done by a best-hit ho-
mology search using Basic Local Alignment Search Tool
(BLAST). To prevent erroneous mappings, all groups
within eggNOGvV3 were analysed based on the group vari-
ance and outgroup scores. This helped to rule out paralogs
and distant homologous genes and provide the closest pos-
sible functional annotation. The results were manually val-
idated.

Artificial fusions

Potential fusion products were found by searching for or-
thologs in other genomes. If two separate genes in other fun-
gal genomes were found to be fused in the Ct predicted pro-
tein coding set, it was marked as suspicious. Manual inspec-
tion revealed missed introns in many cases that then caused
an artificial fusion of protein coding genes.
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Figure 3. Example of experimental validation of gene sequence reannotation. (A) Reverse transcriptase polymerase chain reaction of the ¢z 10C4
(CTHT_0009460) gene. Size of gel band was high compared to annotated gene model (> 1722 nt instead of 1635 nt). Gene sequencing (RT-PCR) re-
veals 87 nt additional sequence extending exon 3. The extended sequence partially matches intron 3 of the originally annotated ¢z IOC4 sequence. (B)
Original Cr IOC4 coding sequence (top) and MS-identified peptides overlaid to the Protter protein sequence view (bottom). The expression of assumed
exon 3 extension initially found by RT-PCR (red box) was verified by MS-based identification of the peptide sequence “. ATSEEDEDVEMEDAPSATET-
SAK.” (blue bar) which covers the MS-detectable part of the assumed exon 3 extension. The insert site of the exon 3 extended sequence is indicated (red
dot) in the Protter (29) protein sequence image of ¢t IOC4, together with all other MS-identified peptides (highlighted in blue, N- and C-terminus and
potential tryptic cleavage sites for MS indicated). An alternative splice variant for ¢z IOC4 containing the extended exon 3 sequence is included in the

reannotated Ct genome.

RFAM predictions

To identify putative structural RNA elements, ‘infernal’
tool (16) (version 1.1) was used to search the Ct genome
against the RFAM database (version 11) containing HMM
models of 21 283 RNAs (17).

De novo gene prediction and validation

RNAseq transcripts that match the Ct genome, but do
not match to any predicted gene model, were grouped in
pseudo-contigs using Velvet (18). All six frames were trans-
lated into pseudo-proteins by the EMBOSS Transseq tool
(19). Pseudo-proteins were concatenated to the originally
published sequences. Search results were additionally vali-
dated by protein BLAST. Prediction of protein function was
performed by Blast2GO (20) and manual BLAST search.

Genomic repeat analysis

Repetitive elements in the genome of Ctr were mined
and classified using RepeatModeller de novo repeat
identification  package  (http://www.repeatmasker.org/
RepeatModeler.html). The resulting data set of de novo
identified repeats was combined with a collection of repeti-
tive DNA deposited to the public repeat database, RepBase
(http://www.girinst.org/server/RepBase/index.php),  and
integrated into a single library. This repeat library was
then used to screen the C. thermophilum genome using
RepeatMasker (http://www.repeatmasker.org/).

RESULTS
An integrated approach for annotation

To achieve a much more accurate and reliable genome an-
notation, the integration of experimental evidence obtained
at the RNA and protein levels is invaluable as it validates
the gene, pseudo-gene, intron, exon, START and STOP
predictions inferred from sequence data. In order to em-
ploy such an integrative strategy for the thermophilic eu-
karyote Ct, we acquired two large-scale data sets using
next-generation RNA sequencing and state-of-the-art shot-
gun proteomics technology. For the RNAseq data, approx-
imately two thirds of the high-quality reads that mapped
to the genome matched an existing gene model. These re-
sulted in a high coverage of the Ct transcriptome, match-
ing 6173 (85%) of the previously predicted open reading
frames (ORFs; FPKM cut-off = 5). Another third of the
genome mapped reads matched to the genome, but not to
any previously predicted gene model. This finding implied
various distinctly spliced, elongated, yet undetected genes
or the existence of non-coding RNA that remained unde-
tected during first genome annotation (Supplementary Fig-
ure S1A). For the proteome data, the combined data set al-
lowed us to identify 4297 proteins from 44620 unique pep-
tide sequences in Ct. Protein and peptide identifications are
visualized in the new Ct genome browser (see visualization
paragraph). Overall, the experimentally identified proteome
covered 59.5% of the previously predicted Ct ORFs (Sup-
plementary Figure S1B). This value is in line with large-
scale data sets recently obtained of Saccharomyces cerevisiae
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(67% (21), and human cells (50% (22,23)) and highlights
the comprehensive nature of our analysis. To quantify the
correlation of mRNA and protein abundances in a eukary-
otic thermophile, we compared the log-transformed FPKM
values of the transcriptome with log transformed protein
abundance scores (intensity-based absolute quantification,
iBAQ score (24)) from a comparable proteomic data sub-
set. We found a moderate correlation (R2 = 0.36, P-value <
2.2¢716) over ~4 orders of magnitude (Supplementary Fig-
ure S1C), which is very similar to values previously observed

for other species (24). Next, we took advantage of the com-
bined data set to refine the Ct genome annotation and em-
ployed several integrated strategies (Figure 2).

De novo gene search. To identify previously undetected
protein coding genes, we generated pseudo-contigs out of
the high-quality RNAseq reads that did not match to any
annotated Cr ORF (one third of the high-quality genome
mapped reads). We then compared these to our proteomic
data set for expression evidence at the protein level. We
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identified 72 peptides mapping to 51 of the pseudo-contigs
(<0.01 FDR). The average length of the identified new
genes was 273 nt (median: 174 nt). BLAST analysis iden-
tified homologous sequences for 18 out of the 51 pseudo-
contigs. Taken together the multiple lines of evidence from
RNAseq, MS-based proteomics and BLAST analysis we
considered the 51 identified pseudo-contigs as new coding
genes (Supplementary Table S1A). The suggested de novo
genes were included into the reannotated genome of Ct and
are highlighted in the new version of the genome browser
(see visualization paragraph).

Intron retention search. A number of failed cloning at-
tempts by collaborators (personal communication) hinted
at incorrect annotation of gene structure and prompted us
to validate splice sites and gene boundaries. We therefore
searched our proteomic data for peptides that match into in-
trons. We identified intron-retained sequences derived from
54 Ct proteins that originated, at least in part, from intron-
labeled sequences and annotated 54 novel exons (Supple-
mentary Table S1B). For this analysis, feedback from the
co-authors was considered together with the transcriptome
and proteome data (Figure 3A and B).

Pseudo-gene removal. 'We also used the peptide data to re-
analyse 63 gene models, which were categorized as pseudo-
genes in the initial annotation (3), because of intrinsic STOP
codons and were thus not listed in the public gene browser
or protein repositories, although they have obvious homo-
logues sequences in other species. In 28 out of the 63 cases,
our proteomic data confirm the expression of the respec-
tive gene (Supplementary Table S1C). In total, 263 pep-
tides were identified for these 28 proteins. For 13 of these
28 proteins, we identified peptides located at either side (N-
and C-terminal) of the putative incorrectly annotated STOP
codon. From the remaining 15 proteins, we identified pep-
tides located at either the N-terminal side (four proteins) or
the C-terminal side (eleven proteins) of the putative incor-
rectly annotated STOP codon. Our RNAseq data support
the expression of the whole-length of the 28 protein-coding
genes. All 28 sequences are now annotated as protein coding
in the reannotated Ct genome and are shown in the new ver-
sion of the genome browser (see visualization paragraph).
In the other 35 cases, evidence at the protein level was lack-
ing, the RNAseq data suggest extremely low abundance of
the transcript and the data quality was insufficient to justify
a reannotation.

N-terminal extension and full-length expression analysis.
Encouraged by this result, we set out to confirm gene
boundaries based on our proteomic data set. We identified
12 peptides located in the pre-N-terminal region of 7 Ct pro-
teins. The peptides did not match to any other known pro-
tein coding ORF of Ctz. We verified those N-terminal exten-
sions using RNA transcript data and reannotated the genes
with alternative splice variants (Supplementary Table S1D).

Inspired by the intron-retention detected in the cases of
some Ct genes, we queried our proteomic data to verify the
full-length expression of proteins (Table 1). We found pep-
tides close to the predicted protein termini (distance of <25
AA) of 1738 N-termini and 1906 C-termini, corresponding

to 40% and 44% of the MS-detectable proteome, respec-
tively. For almost one quarter of all gene models for which
evidence at the protein level was found (938 proteins), we de-
tected peptide matches to both the N- and C-termini. Since
the sequence coverage of proteins is stochastically depen-
dent on peptide detectability in the mass spectrometer, this
verification cannot be provided comprehensively. It is nev-
ertheless very useful in the case where verified genes are tar-
geted for low throughput biochemical and structural anal-
yses.

Refined functional annotation by bioinformatics analysis.
In relation to other model organisms, such as Saccha-
romyces cerevisiae (approximately 82% functionally anno-
tated genes based on UniProt database entries), the orig-
inally published Ct genome contained a high number of
proteins with unknown function (approximately 4669 of
7227 protein coding genes, 65%). To close that gap, we
mapped unannotated Ct proteins to orthologous groups in
eggNOGV3 (15). From that analysis, we added functional
information to a large number of genes with previous un-
known annotation. Thus, the number of Ct genes with a pre-
dicted function increased to 5684 (> 70% of all gene mod-
els) (Supplementary Table S2).

RFAM prediction. To annotate non-coding RNAs, we
used RFAM-based predictions (17). In total, 219 putative
structural RNA elements were identified. Of them, 102
overlap with known tRNAs and rRNAs. We thus also an-
notated 117 newly identified RNA elements. Most of the
novel ncRNAs belong to the small nuclear RNA (snoRNA)
or fungal signal recognition particle RNA families; they are
often highly expressed, e.g. about 41% of them have ex-
pression abundance > = 10 RPKM (Reads Per Kilobase
of transcript per Million mapped reads), as compared with
31% of the 102 known ones, implying functional impor-
tance under normal growth conditions.

Genomic repeat analysis. 'To gain insights into the part of
the Ct genome that does not contain any gene models, we
performed a genomic repeat analysis. We found a surpris-
ingly small part (2.5%) of the Ct genome accounts for ge-
nomic repeats. These included tandem repeats, satellites, un-
characterized repeats and transposable elements (Table 2).
We found that the most abundant group of transposable el-
ements in the genome of Ct belongs to the Tad1 superfamily
of non-long terminal repeat (LTR) retrotransposons, which
is ubiquitous in fungi (25). These Tadl transposons are
present in highly degenerated and diverged copies, which
are probably remnants of previously active elements. To-
gether, they occupy about 1% of the genome. Notably, no
intact copies of any other transposable element were de-
tected in the Ct genome, suggesting that transposable ele-
ments are inactive in this thermophilic organism. In total,
3803 repeats were added to the new version of the genome.
The lack of repeat sequences seems to be a general feature
for thermophilic eukaryotes (26,27).

Ad hoc manual annotation and expression support. As Ctis
becoming increasingly important for structural studies and
the resource (version 1) is public (3), we received experimen-
tally validated corrections or novel annotations of 28 genes,
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Table 1. Chaetomium thermophilum proteins with direct proteomic evidence of N-terminal and C-terminal expression

Ist Met omitted

Sum terminal

Match in 25 terminal Fraction of total

Termini match match? matches AA proteome
N-terminus 194 822 985 1738 24.0
C-terminus 665 - 665 1906 26.4

4Peptides matching N-terminus without the START codon (Met) are counted as termini match.

Table 2. Genomic repeat analysis in Chaetomium thermophilum

Percentage of sequence (%)

Repeat type Length occupied (bp)
Interspersed repeats 721491
Retroelements 342 067
LINEs 276 216
Tadl 236 085
LTR elements 64 479
Gypsy 37 960
Copia 10 775
DNA transposons 39456
Unclassified 339 968
Satellites 3877
Simple repeats 9302

2.55
1.21
0.98
0.83
0.23
0.13
0.04
0.14
1.20
0.01
0.03

which we also included in the reannotated Cz genome. In 20
cases, genes were shortened based on RNAseq data or man-
ual inspection. In two cases, an intron was removed from the
gene. In one case, a new locus was identified. In another five
cases, artificial gene fusions were corrected. Furthermore,
we collected manually validated expression evidence of 66
Ct genes and 27 Ct protein domains (Supplementary Table
S3; personal communication). The data from the manual
feedback are highlighted in the new version of the genome
browser (see visualization paragraph).

Visualization of the CTHT v2.0 genome[proteome. To pro-
mote the usage of Cras a model organism, public deposition
as well as the possibility to browse and conveniently visual-
ize data is essential. Experimental data and updated rean-
notation data are publicly available at the EMBL Genome
Browser database (based on Genome Maps (28)) and can
be accessed under: http://ct.bork.embl.de/ctbrowser/. The
updated reannotation data are further available at NCBI
(Bioproject ID PRINA47065). Parallel to the reannotated
genome data, the browser contains separated tracks for
non-coding RNAs and genomic repeats. As a new feature to
the genome browser, the MS-based proteomic evidence for
gene expression is overlaid. For this, Ct protein sequences
are visualized by the Protter software (29) from N-terminus
to C-terminus together with an overlay of the MS-identified
peptides. Peptide sequences and their positions in the pro-
tein sequence are indicated with a blue background.

Protein expression patterns are highly similar to mesophiles

With an improved annotation of genes and proteins in
hand, we explored whether the adaption of Cf to extreme
conditions has altered its protein expression patterns and
the overall proteomic structure. To estimate the general rel-
evance of experimental data obtained from Cr as a model
organism for other eukaryotes, we compared its protein
expression levels to mesophilic relatives. Previous analy-
ses of functional categories in eukaryotic mesophiles re-

vealed, for example in Saccharomyces cerevisiae, that cel-
lular core functions such as translation, energy produc-
tion and metabolism, although being conducted by rela-
tively few gene products, are typically overrepresented in
the total proteome because of their high abundance (22,30).
In contrast, proteins involved in so-called regulatory func-
tions such as replication, cell cycle control, defense mecha-
nisms and secondary metabolite biosynthesis are typically
expressed at low copy numbers.

To compare the fraction of the total protein that Ct de-
votes to specific functional categories, we used orthologous
group mapping by eggNOGvV3 (15). In total, there are 6862
orthologous groups matched to the originally predicted
7227 Ct protein coding genes (95%). Of those, 4266 (62%)
have proteomics support (Supplementary Figure S2A). We
classified the orthologous groups into 13 broad functional
categories provided by eggNOG (31) and analysed them
for their abundance in the genome, transcriptome and pro-
teome. This way, the number of genes dedicated to a certain
function can be compared to the respective fraction of all
mRNAs or even proteins. Previous studies found that, for
example, few ribosomal genes encode for a large fraction of
the quantitative proteome because of the high abundance
of the ribosome, and, vice versa, many genes encoding, for
example, transcription factors make up only a very minor
fraction of all protein (22). We found that the overall C? pro-
teome is similarly structured and devotes a large amount
of its total protein copies to cellular core functions (Fig-
ure 4A). One might nevertheless assume that thermophiles,
because of their adaption to extreme environments, have to
devote a larger fraction of their proteomes to the mainte-
nance of proteostasis and thus might have a higher abun-
dance of chaperones, ribosomes or proteases. To unambigu-
ously address this question, we acquired technically consis-
tent proteomic data sets of Ct and its closest mesophilic
relative, Chaetomium globosum, both grown in identical
standard medium, and estimated protein abundances. 2974
eggNOGV3 entries were matched between both data sets
(Supplementary Figure S2B and S2C). Strikingly, no sig-
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nificant difference between protein abundance in the se-
lected major functional groups was detected between the
mesophilic and the thermophilic fungus (Figure 4B). We
also investigated whether protein complexes or specific pro-
tein groups would deviate in their abundance across both
organisms (Figure 4C). In both species, the proteasome and
ribosome belong to the most abundant protein complexes
of the cell and share a narrow distribution of the protein
complex components. Their abundance shows a trend to-
ward lower copy numbers in Ct. Since a similar trend was
observed for glycolytic enzymes, one might surmise that this
behavior reflects slightly reduced growth rates at higher tem-
peratures. In contrast, chaperones and heat shock proteins,
as well as broader functional categories such as kinases,
phosphatases, transmembrane domain containing proteins
and transcription factors have similar abundances in both
species. We conclude that the heat stable fungus Ct has a
similarly composed proteome compared to mesophilic or-
ganisms.

DISCUSSION

Here, we describe for the first time the genome-wide
proteome and transcriptome analysis of a eukaryotic
thermophile, the filamentous fungus Chaetomium ther-
mophilum. We have refined the annotation of thousands of
genes and obtained experimental evidence for their expres-
sion under standard laboratory conditions. These publicly
available data allow for a straightforward identification of
orthologues, the expressed RNA and protein sequence as
well as protein abundances in the cell and thus provide a
rich source for the structural biology community. Based on
the integration of biochemical data, and computational, as
well as manual annotation, we have identified various new
genes, corrected and verified gene structures of a consider-
able fraction of the genome, characterized and annotated
long non-coding RNAs and genomic repeats, and also pre-
dicted functions of many uncharacterized proteins. The re-
finement of gene structure by our transcriptomics and pro-
teomics approach in particular ensures individual gene ex-
pression studies and subsequent experimental characteri-
zations. We believe that the annotation updates provided
should reduce redundancy in efforts and should further ad-
vance structural biology.

In our study, we do not find major functional impli-
cations of high temperature on the cellular protein abun-
dance level. Thus, our experimental findings fit well with
recent bioinformatics and deep sequencing studies, which
also conclude that changes in protein primary structure lead
to thermo-stability of proteins and not the differential ex-
pression of thermo-inducible genes (32,33). Although we
cannot exclude potential contributions to thermophily from
special lipids for example found in archaeal thermophiles
(34) or thermoprotection by particular cellular crowding,
mostly found in archaea and bacterial thermophiles (35),
our proteomics findings imply that the individual proteins
are the basis for the adaptation of a thermophilic lifestyle.
We believe this reconfirms our annotation effort, which
should facilitate further exploitation of Ct molecules in di-
verse research disciplines such as structural biology, systems
biology and biotechnology.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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