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ll. Abbreviations

2D: two-dimensional

AC: alternating current

ACN: acetonitrile

aECM: artificial extracellular matrix

amu: atomic mass unit

BHI: brain heart infusion

CagA: cytotoxin associated gene A

CID: collision-induced
dissociation

COG: cluster of orthologous
group

Da: Dalton

DC: direct current

dFb: dermal fibroblast

DIGE: differential gel
electrophoresis

DNA: deoxyribonucleic acid

DTT: dithiothreitol

ECM: extracellular matrix

ENA: epithelial derived
neutrophile activating
protein

ESI: electrospray ionization

ELISA: enzyme linked
immunosorbent assay

ETD: electron transfer

dissociation

FA: formic acid

FASP: filter aided sample
preparation

FC: fold change

FCS: fetal calf serum

FDR: false discovery rate

FT: fourier transformation

FWHM: full width at half maximum

GAG: glycosaminoglycan

GELFREE:

GM-CSF:

HA:
HCD:

HPLC:

HILIC:

hsHA:
ICAT:
ICPL:
ICR:

IMAC:

LC-MS:

LIT:
LMW:
LPS:
LTQ:
MALT:

gel elution liquid

fraction entrapment
electrophoresis
granulocyte-monocyte
colony stimulating factor
hyaluronan

higher energy collision-
induced dissociation
high performance liquid
chromatography
hydrophilic interaction
liquid chromatography
highly sulfated hyaluronan
isotope-coded affinity tag
isotope-coded protein label
ion cyclotron resonance
interleukin

immobilized metal ion
affinity chromatography
infra-red

in source decay

ion trap

isobaric tags for relative and
absolute quantitation
Kyoto encyclopedia of
genes and genomes
liquid chromatography
liquid chromatography
coupled online to mass
spectrometry

linear ion trap

low molecular weight
lipopolysaccharide
linear trap quadrupole
mucosa-associated
lymphoid tissue
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MALDI: matrix assisted laser UHPLC: ultra high performance
desorption ionization liquid chromatography
MMP: matrix metalloproteinase uv: ultra-violet
MRM: multiple reaction monitoring VacA: vacuolating cytotoxin
MS: mass spectrometry autotransporter A
MS/MS: tandem mass spectrometry WBA: wideband activation
MSIS: mass selective instability
scan
mz mass to charge
MALT: mucosa associated
lymphoid tissue
MudPit: multidimensional protein
identification technology
NMR: nuclear magnetic resonance
ORF: open reading frame
PAGE: polyacrylamide gel
electrophoresis
pl: isoelectric point
pH: negative decimal logarithm
of the hydrogen ion activity
PQD: pulsed Q dissociation
PTM: post translational
modification
RAST: rapid annotation using the
subsystems technology
RF: radio frequency
RNA: ribonucleic acid
RP: reversed phase
SCX: strong cation exchange
SDS: sodium dodecyl sulfate
SEC: size exclusion
chromatography
SILAC: stable isotope labeling by
amino acids in cell culture
TIMP: tissue inhibitor of matrix
metalloproteinase
TMT: tandem mass tag
TNF: tumor necrose factor
TOF: time-of-flight
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In recent years, proteomics has developed intcobiiee leading omics techniques in science.
Proteomics is defined as “the analysis of the elRIROTEIn complement expressed by a ge-
NOME, or by a cell or tissue type” [1]. Especiatjyantitative proteomic studies based on
isotopic labeling techniques that investigate ddfees between biological samples on pro-
tein level are gaining popularity.

Here, methods for improved identification and qufanattion rates in proteomics as well as a
non-targeted method for relative protein quanttfara of the major human pathogeét#lico-
bacter pylori were developed. Firstly, proteomic methods wett@moped in order to achieve
the highest possible quantification rate. Besiddxsllular fractionation [2] (chapter 3.1), the
main focus was placed on improving the identificatrates of low molecular weight (LMW)
proteins below 25 kDa that are usually underreprteskein proteomic studies [3, 4] (chapter
3.2, 3.4). Secondly, the protein database quaityf idecisive importance for proteomic stud-
ies. Therefore, the protein databasdHopylori strain 26695 was refined by proteogenomics
[4] (chapter 3.4). Thirdly, a quantitative proteanstudy based on stable isotope labeling by
amino acids in cell culture (SILAC) was appliedstady the effect of highly sulfated hyalu-
ronan as artificial extracellular matrix for pringadnuman dermal fibroblasts [5] (chapter 3.5).
Finally, the gained knowledge of these studies w@®bined to establish a non-targeted
guantitative proteomic method fék. pylori. This method was applied to investigate the influ-
ence of the cell morphology on protein level (cleaf3.6).

The first step was to optimize the identificatiates for LMW proteins. These proteins are
frequently lost during sample preparation suchedlgstaining [6]. Additionally, proteolytic
digestion of LMW proteins generates a low nhumbepe@ptides compared to larger proteins.
Moreover, LMW proteins like cytokines frequentlyvealow abundances [7]. Hence, LMW
proteins are harder to identify and quantify intpomnic studies.

Here, different enrichment and separation method4$. "MW proteins were developed based
on (i) centrifugal concentrators and subsequecingisodium dodecyl sulfate gel electropho-
resis (SDS-PAGE) [3], (ii) size exclusion chromatgghy (SEC) [4] and (iii) gel elution lig-
uid fraction entrapment electrophoresis (GELFRERppter 3.6). Besides the enrichment of
LMW proteins, multiple proteases were applied toréase the identification and quantifica-
tion rates. The application of multiple proteaseseéparate proteolytic digestions creates a
larger number of unique peptides [8]. The idenrtditiion rates of small proteins benefit par-
ticularly from this due to the lower number of @olytic peptides.

In the first study, precipitated LMW proteins Bf coli were subjected to either tricine SDS-
PAGE fractionation with subsequent in-gel digestiwrdirect proteolysis by trypsin in solu-
tion [3] (chapter 3.2). The identification rate ld¥IW proteins (< 25 kDa) was increased by
49% (110 proteins) by tricine SDS-PAGE fractionatj8]. The protein identification rate for

Vi
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the LMW proteome oE. coli was increased by 23% through the application @M\& com-
parison to trypsin [3]. The second enrichment sgatby SEC followed by proteolysis with
multiple proteases increased the protein identibos below 17 kDa by 18% in comparison
to an extensive SDS-PAGE fractionation coupled ©-MS after proteolytic digestion
(GeLC-MS) (20 fractions) [4].

The second focus was placed on the optimizatidheprotein database quality fidr pylori
strain 26695 (chapter 3.4). In MS-based proteortudiss, peptides and proteins are com-
monly identified by searching the MS data againgtaein database. The protein sequences
that are deposited in those databases are usuedlied on the basis of gene finding software.
Typically, these tools have 300 nucleotides as mirmim length cut-off for open reading
frames (ORF) to reduce the false discovery rat&Rg) [9]. Hereby, proteins below 100
amino acids are frequently lacking in the annoteticAdditionally, gene boundaries are also
hard to detect.

Here, an in-depth proteomic study that covered tb¥erage of the predicted proteome of
H. pylori strain 26695 was performed [4] (chapter 3.4). Bage this dataset, a proteoge-
nomic study was performed to refine the proteirabdase oH. pylori strain 26695. There-
fore, a database was constructed of the NCBI (Nati&Center for Biotechnology Infor-
mation) database supplemented with the six-fraangstation of the genome and protein cod-
ing region predictions by RNAcode [10] fbl: pylori strain 26695.

In this study, four previously missing protein ataimns were discovered and erroneous se-
guences for six additional proteins were correcaniong the new identified proteins, the
ferrous iron transport protein A, the lipopolysaaxdte (LPS) biosynthesis protein HP0619
and the coiled-coil-rich protein HPO058 are of gatar biological interest. Iron transport e.g.
is essential for the survival &f. pylori in the stomach [11]. Additionally, the LPS biodyet

sis pathway is supposed to be a drug target forrda@ment oH. pylori infections [12]. Fur-
thermore, the protein HP0OO058 is essential for fieakshape and motility dfl. pylori [13].
Moreover, signal peptidase cleavage sites for 68prs were identified by a database search
that targets semi-specific cleaved peptidéspylori showed to have the motif LXA as the
predominant signal peptidase recognition sequentieeaN-terminal side of the cleavage po-
sition in contrast to other Gram-negative bactetigch mainly possess AXA [14].

In order to realize accurate relative quantificatod hundreds of proteins &f. pylori, SILAC
was tested and performed at first with dermal fittaists [5] (chapter 3.5). This study aimed to
reveal differences in protein expression of primhgman dermal fibroblasts (dFb) in re-
sponse to sulfated hyaluronan applied as an aatifextracellular matrix (aECM) [5]. Sul-
fation of hyaluronan lead to reduced expressioseveral extracellular matrix (ECM) related
proteins such as thrombospondin-1, collagen tymediXll, as well as the collagen degrad-
ing enzymes cathepsin K, matrix metalloproteindd®P-2 and MMP-14. In addition, the
tissue inhibitor of MMPs 2 (TIMP-2) was also foutadbe down-regulated.

VI
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Especially chronic skin wounds have a MMP-TIMP naisince that may lead to fibrosis me-
tastasis or tumor growth [15]. Several clinical gwots on the market aim to inhibit MMPs

[16-19]. Collagen is excessively produced in hyatiic scar formation [20]. Reduction of

collagen type | and Xl expression might indicdtattsulfated hyaluronan positively regulates
wound healing. In contrast to collagens type | ikl the abundance of type VI was in-

creased in response to sulfated hyaluronan. Thisl EGmpound is important for the for-

mation of an appropriate environment when the legtr becomes confluent [21]. In conclu-
sion, sulfated hyaluronan might improve the healnfiggskin wounds by modulation of the

MMP-TIMP balance as well as the altered ECM proidunct

In the final study, the knowledge gained by thevyimas studies was combined to develop a
guantitative proteomic approach based on SILACt@r major human pathogé. pylori
(chapter 3.6). The chemically defined Ham’s F12 imm@dwas chosen for this purpose since
growth ofH. pylori was reported without influencing the morphology,[23]. Incorporation

of lysine and arginine was tested. Sufficient ipavation (> 95%) was only achieved for ar-
ginine. Lysine incorporation was to low (~ 80%)c&ii. pylori strain 26695 is a lysine auto-
troph. The experiment included (i) enrichment arattionation of proteins below 50 kDa
using the GELFREE device prior to proteolytic digas, (i) a GeLC-MS analysis with ten
fractions, (iii) separate proteolytic digestiongtwirypsin and AspN and (iv) data analysis
with the refined database fbi. pylori strain 26695.

Here, the influence of morphological changedHopylori was investigated on protein level
(chapter 3.6)H. pylori is a Gram-negative epsilon proteobacterium thiinipes the gastric
mucosa of approximately 50% of mankind. It is rexgible for severe diseases such as gastri-
tis, peptic ulcers and gastric cancer.pylori occurs in three different morphologies: vital
spiral cells, vital coccoid cells and damaged catcells [24]. The coccoid morphology has
shown to possess attenuated infectivity as wetbémnization efficiency [25, 26]. Differences
of protein expression between the two vital morphas ofH. pylori strain 26695 were stud-
ied. The comparison revealed significantly reduerpression of proteins that are associated
with cell division, transcription, and translatiprocesses as well as infectivity and coloniza-
tion efficiency. Pathway analysis revealed thatpsses such as chemotaxis and the cytotox-
in associated gene (cag) type four secretion areddo be down-regulated in coccoid cells.
Additionally, the arginaseocF and the TNFe inducing protein, that are involved in coloniza-
tion and inflammation processes, show also redegpdession in the coccoid morphology.

In conclusion, methods for improved identificatiand quantification of proteins were com-
bined with SILAC and a refined protein databaseHopylori strain 26695. This approach

offers new possibilities for the investigation ef pylori, such as studies on the influence of
antibiotics. Additionally, infection processes ablie investigated in co-cultures with human
epithelial cells in SILAC media.

VIl
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1 Introduction

1.1 Proteomics

Proteins are involved in many essential functionge Muscles or flagella e.g. are necessary
for agitation, whereas proteins in bones and haewide stability and shape. Additionally,
proteins are involved in different processes sueckraymatic reactions, inter- and intracellu-
lar signal transduction, as well as immune reastidine objective of proteomics is to study
the proteome by means of qualitative analysis antjfication of changed protein expression.
By definition proteomics is “the analysis of thetism PROTEIn complement expressed by a
genOME, or by a cell or tissue type” [1]. In receefars, large scale proteomic studies be-
came one of the key research methods for biologioatesses. The elucidation of protein
[27] or protein complex structures [28-30], thel cesponse to diseases [31] or certain stimuli
such as toxic substances [32, 33], or the studyiofobial decomposition of environmental
pollutants [34] are some examples for the util@awf proteomic analyses.

Common identification of proteins or structural Bsas is summarized under the term quali-
tative analysis. Quantitative proteomics examinanged protein expression of a cell-line or
tissue sample in response to different stimuli pkarmaceuticals, chemicals, changed culture
conditions etc. Protein quantification can be penied for instance by Enzyme Linked Im-
munosorbent Assay (ELISA), western blotting or mgssctrometry (MS).

Over the last two decades, MS has become the meiinoch in proteomics. MS based prote-
omics is divided into top-down [35] and bottom-uppeoaches. In top-down proteomics,
whole proteins or protein complexes are analyzedton-up analyses include protein extrac-
tion, optional chemical modification, and enzymatigestion into peptides prior to MS anal-
ysis (Fig. 1-1).

Classical quantitative proteomics utilizes two-dimsienal polyacrylamide gel electrophoresis
(2D-PAGE) [36]. In recent years, MS based quaraifan methods have become more popu-
lar. These are subdivided into label free and sta@utope labeling based quantification [37,
38]. Label free methods facilitate relative quaoéfion of different biological samples by
comparison of peptide signal intensities acquiredaparate liquid chromatography coupled
MS (LC-MS) analyses [39]. In contrast, differentssble isotope labeling comprises relative
guantification of several biological samples witlime LC-MS analysis [37, 38]. Differential-
ly labeled peptides with the same amino acid secpudéimat contain different hydrogen, oxy-
gen,nitrogen, carbon or sulfur isotopes possess the sanization efficiency, as well as qua-
si the same chromatographic behavior. This enaklatve quantification of theses peptides
according to their peak intensities by LC-MS (cleaja.7).
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Fig. 1-1: Comparison of LC-MS based top-down and bottom-up proteomics analyses. Proteins
are extracted from a biological sample. In a top-down approach, proteins are directly analyzed by LC-
MS. In a bottom-up approach, proteins are subjected to proteolytic digestion by proteases such as
trypsin prior to LC-MS analysis.

The ongoing development of MS and nano-flow ultighhperformance liquid chromatog-
raphy (nano-UHPLC) [40] continually increases thenber of quantified proteins in prote-
omics experiments. Nevertheless, up to know, ftaspossible to achieve a whole proteome
coverage due to the enormous complexity, as weh@suge dynamic range in protein abun-
dances. Human blood plasma e.g. exceeds ten atieragnitude, whereas standard LC-MS
analyses are able to cover two to four orders ajmtade [7, 41]. Especially low molecular
weight (LMW) proteins are underrepresented in ghot-experiments [42]. Small proteins are
easily lost during the experimental workflow suchgel electrophoresis. Additionally, pro-
teolytic digestion of LMW proteins generates leseptiles. Hence, LMW proteins are harder
to identify than larger proteins with a high numioémproteolytic peptides. Moreover, LMW
proteins such as interleukins are often low-abuhdHmerefore, specific enrichment of LMW
proteins has the ability to improve the proteomeecage and to provide additional identifica-
tions of proteins with important biologically rekavce.

Conventional proteomic analyses heavily rely ondbmpleteness and correctness of protein
databases like UniProt [43]Jor NCBI [44]. The antiota of protein coding sequences on the
basis of genomic data is usually performed withegknding software such as GeneMARK
[45], Glimmer [46], the Integrated Microbial Genorfi®1G) system [47], or the Rapid Anno-
tation using the Subsystems Technology (RAST) sdA&). However, the minimum length
cut-off for open reading frames (ORF) of thesegasltypically set to 300 nucleotides to keep
the false discovery rate (FDR) low [9]. Hereby, LMpbteins below 100 amino acids are
frequently lacking in the annotations. Moreovegrthare certain exceptions to the common
translation initiation model [49]. For example,deaess transcripts are known for archea [50,
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51], bacteria [52-54] as well as eukarya which pesdeaderless mitochondrial mMRNAs [55].
The assignment of the exact gene boundaries isaalgpical error source. Additionally, the
computational prediction of splice variants in enykdes is very challenging [56].

Bakkeet al. [57] e.g. evaluated three automated genome anootaérvices for the GRAM
negative bacteriunHalorhabdus utahensis. The IMG system [47], RAST [48] and the
J. Craig Venter Institute (JVCI) annotation serweere compared comprehensively. RAST
e.g. tends to annotate genes with alternative staons other than ATG (39.0%) more often
than IMG (14.3%) or JVCI (19.9%) [57]. A comparisohthe gene predictions showed that
the three tools share stop sites for 89.7% ofratbtations whereas the overlap of genes that
share exactly the same start and stop sites was4dnt% [57]. Remarkably, genes with
unique stop codons for one of these tools possesserage length between 250 and 500 bp
for the three annotations [57]. This indicates thsppecially the correct annotation of LMW
proteins is demanding.

1.2 Helicobacter pylori

In this thesis, the main studies are focused omthy@r human pathogdtelicobacter pylori.

In 1906 Walter Krienitz reported the existence pifa shaped bacteria in the stomach of a
patient with a gastric carcinoma [58]. Howevertoibk until 1983 before the scientific im-
portance of this finding was noticed. Barry Mars$laald Robin Warren re-discovered the bac-
teriumH. pylori in the stomach of patients with chronic gastritid @eptic ulceration [59, 60]
and were rewarded with the Nobel prize in physiglogmedicine “for their discovery of the
bacteriumHelicobacter pylori and its role in gastritis and peptic ulcer disé§se].

Nowadays, it is known that the Gram-negative epsiooteobacteriunil. pylori inhabits the
stomach of about 50% of the human population [&}, Brevalence rates &f. pylori in in-
dustrialized countries are much lower than in depielg countries [62]. Nevertheless, the
transmission routes are poorly understood. Althddgpylori was partly detected in the oral
cavity of individuals [64-66], it is usually assuchthat the main transmission route is orally
through fecal matter [62, 63]. Howeveét, pylori is also able to survive in groundwater or in
rivers, which hereby becomes a potential sourcenfections [63, 67-69].

Today, there is no doubt thidt pylori is the main reason for the development of gastait
cer and other diseases. However, only a small ptxge ofH. pylori carriers develop cancer
or ulcer disease, whereas around 80% remain asymapito[70]. The risk of cancer devel-
opment forH. pylori positive patients is estimated to be 1-2% whethasrisk to develop
ulcers is approximately 10-20% [70].

Cancer development is closely related to inflamamafil, 72]. In particular, many proteins
secreted byH. pylori including CagA [73], Tipa [74] or VacA [75] are associated with an
inflammatory response of the gastric mucosa. Gaspithelial cells, which are infected by
H. pylori, produce pro-inflammatory cytokines or chemokitigs interleukine B (IL-1p),

3



1. Introduction

IL-6, IL-8, the tumor necrose facter (TNF-o) the epithelial derived neutrophile activating
protein 78 (ENA-78) and the granulocyte-monocytery stimulating factor (GM-CSF) [74,
76, 77]. Persistent inflammation can cause seviseases like gastritis, dudedonal ulcer or
gastric cancer in the worst case [78].

CagA, for example, is translocated into gastri¢heghial cells by the type four secretion sys-
tem of H. pylori [79]. Within the cells, the transcription factor MB is activated by CagA
and promotes the production of several pro-inflatamyacytokines such as TNé-IL-1 and
IL-8 [72]. These cytokines are associated with eawnlevelopment [80, 81].

H. pylori forms three different morphologies with either apor coccoid cell shape that coex-
ist in the gastric mucosa of infected patients [§2Je spiral morphology is vital, dividing and
motile. The coccoid morphology is further subdivddato two subgroups [24]. This is a via-
ble form with an intact cell structure and degetieeacells with disintegrated membrane
structures which tend to form cell clusters [24g(FL-2). The transformation to the coccoid
cell shape is promoted by nutritional deficiencyidative or acidic stress and antibiotics [83-
86].

Fig. 1-2: Ultrastructure of H. pylori during culture. (a) Spiral forms. Flagella were seen on one
side of the organisms (bar = 1.8 pum). [Inset] A spiral organism on the same culture day. A flagellum
attached to the adjacent organism (arrowhead bar = 1.0 um). (b) Type A coccoid forms. The surface
was irregular and the organisms were clumped together (asterisks bar = 1.0 um). [Inset] Type A coc-
coid form observed by transmission-electron microscopy. Arrows indicate hollows. The intracytoplas-
mic structure was obscure (bar = 0.5 um). (c) Type B coccoid form. The surface was smooth and the
flagella coiled about its own bodies (bar = 0.5 um). (d) Type B coccoid form. The membranous struc-
ture was assumed to be firm. Arrowhead indicates the flagellum which coiled about its own body (bar =
0.5 um). (a) the 1st day; (b) the2nd day; (c) and (d) the 3rd day. (Reprinted including figure captions
with permission from [24]. Copyright (C) 2003, Elsevier)

Coccoid cells have an attenuated infectivity andmiaation efficiency. For example, coccoid
H. pylori failed to colonize the stomach mucosa of gnotabiaiglets [25]. Additionally, coc-
coid cells generated a weaker inflammatory responsa@ce than the spiral morphology [26].
Inflammatory response of different adenocarcinomla lmes to coccoidH. pylori was also
attenuated [87, 88]. Incubation of gastric epitdeinmortalized cells (GES-1) with coccoid
H. pylori resulted in lower apoptosis rates as well as raetlpceduction of chemokines and
pro-inflammatory cytokines [89].
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In contrast, spiral cells swim target-orientedhe antrum, which is the preferred site of infec-
tion. Their shape improves movement in viscousdfilike the gastric mucosa and enables
them to target gastric epithelial cells [90].

Although many proteins produced B pylori are related to induction of inflammation and
subsequently cancer development, only few protestuidies have been carried ddt.pylori

is one of the most intensively studied organismgr@8,000 publications which include the
nameH. pylori in the title are listed at the Web of Sciehceowever, if the results are addi-
tionally filtered for “proteomics” as topic, onl\24esults remain (Feb t1"32013).

Nevertheless, proteomic studies are an indispeagabl for the investigation of biomolecu-
lar mechanisms of. pylori. Several proteomic studies have provided insightis the re-
sponse to acidic [91] or oxidative stress [92], ithie of the ferric uptake regulator [93, 94],
growth phase dependent changes [95-97] in theraeas well as pathomechanisms [98].

However, all these proteomic studies Bff pylori were based on comparative two-
dimensional polyacrylamide gel electrophoresis AGE). This technique has certain ad-
vantages such as the identification of post-traiesial modified proteins, but requires good
reproducibility of the protein separation. Additadly, 2D-PAGE experiments are labor-
intensive and time-consuming. Frequently, severatems are identified within one gel spot
which complicates the assignment of the regulatetems. Typically, only few hundred pro-
teins are quantified and identified in 2D-PAGE &se. To overcome these disadvantages,
2D-PAGE based quantitative proteomics is graduaptaced by isotope labeling techniques
that facilitate relative quantification of hundredsthousands of proteins by MS within one
analysis (chapter 2.7).

1.3 Objectives and aims of this thesis

In this thesis, a high coverage non-targeted gtadivie proteomic method fdd. pylori was

to be developed to investigate the influence ofdékk morphology on protein level. There-
fore, improved methods for the identification angntification of peptides and proteins were
established. These methods were combined and dgpliestablish a quantitative proteomics
study forH. pylori. For this purpose, the focus was placed on

(1) enhancing the identification of low molecular wdigioteins since these proteins
are usually underrepresented in proteomic studies,

(i) the database refinement by proteogenomics, asqgmiteanalyses strongly de-
pend on the protein database quality, and

(i)  establishing a non-targeted quantitative protecsnialysis ofH. pylori in combi-
nation with the developed methods and the refiredlzase with the aim to unrav-
el the impact of the cell morphology on the infeityi and the colonization effi-
ciency.
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2 Methods for improved identification and quantific ation
rates in proteomic approaches

The improvement of identification and quantificaticates in proteomic approaches mainly
focuses on the extension of the dynamic conceatratange. Therefore, fractionation cell
compartments, proteins or peptides is widely apptigor to MS analysis. Additionally, the
application of multiple proteases further improvesntification and quantification rates in
proteomics. Furthermore, the ongoing developmemd$ffacilitates proteomic analyses with
enhanced sensitivity and accuracy. Finally, datlssarches offer further potential for the
optimization of MS data analysis. Here, major pphes of sample preparation, MS, quantita-
tive proteomics and data analysis will be discusgigl primary focus on improving identifi-
cation rates of LMW proteins.

2.1 Cell compartment fractionation

Different physical methods are available to seganadividual cell compartments from each
other. Prokaryotes do not possess compartmeniahizaith the exception of encapsulated
enzymes [99, 100]. In contrast, eukaryotic cells @mposed of different cell compartments
which are in large part organelles with distinatlbgical functions. Separation of such orga-
nelles provides deeper insights into biologicalction of proteins such as signal transduction.

The most commonly used method for cell compartnfraictionation utilizes ultracentrifuga-
tion to fractionate cell lysates into three franBoThe nucleic fraction is pelleted at 3000 x g
[101]. The supernatant is subjected to ultracargation at 100,000 x g to separate the mem-
brane (pellet) and the cytosolic fraction (supeangt[101]. The classical method for cell
compartment fractionation uses gradient centrifiogat101, 102]. For this purpose, either a
continuous or a discontinuous gradient is applddst commonly, discontinuous gradients
based on different concentrations of sucrose aeel osr subcellular fractionation. During
centrifugation, the different organelles are focliggthin the sucrose gradient at the position
of equal density [102]. Hereby, the cytosol andaokjles such as nuclei, mitochondria, plas-
ma membranes, lysosomes, golgi apparatuses, anglaahic reticula are separable [101].

Alternatively, organelles can be separated by dhffeal detergent fractionation. Proteins of
different organelles are extracted subsequentlydrous detergent containing buffers [102,
103]. Generally, cytosolic, nuclear associated, brame, and cytoskeletal proteins are ex-
tracted in separate fractions [103]. Matured kits this method are commercially available
from different manufacturers and have the advantiagiethey only require an ordinary bench
top centrifuge instead of an ultracentrifuge.
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2.2 Gel-based protein fractionation

2.2.1. Conventional SDS-PAGE

Sodium dodecyl sulfate gel electrophoresis (SDS-BAG a standard method in biochemis-
try for high resolution separation of proteins [LG&DS is applied to denaturalize the protein
structures and to superimpose the charge statbeoproteins. Hereby all proteins possess
roughly the same weight to charge ratio. By appbicaof a voltage across the gel, proteins
migrate into the gel in the direction of the anoflee small pores of the polyacrylamide gel
retard larger proteins more strongly than smalfexso Hereby, proteins are separated accord-
ing to their size. Proteins are commonly visualiredjels by Coomassie, silver or fluores-
cence [105].

2.2.2. Tricine SDS-PAGE

Conventional SDS-PAGE allows well resolved separatf a broad molecular weight range
of proteins. Separation of proteins within a dekimolecular weight range can be widely
tuned by the choice of the acrylamide concentratitowever, even if the acrylamide concen-
tration is increased, proteins below 13 kDa arerlgaesolved [106]. The reason for this is
connected to the stacking behavior of small preteffroteins below 13 kDa migrate together
with the SDS in the tris-glycine buffer system @ mhmli and get poorly resolved [106].

Schagger modified the system of Lammli [104] for WMproteins [106, 107]. Glycine in the
cathode buffer was replaced by tricine and thelacrngle concentration was increased. Tri-
cine SDS-PAGE facilitates high resolution separatbproteins and peptides down to 1 kDa.
However, the upper stacking limit was reduced t&B@a which results in worse resolution of
larger proteins. Schagger therefore recommendsddhe system of Lammli for proteins with
a mass larger than 30 kDa [107]. Tricine SDS-PAG&ui be used to separate proteins be-
low 30 kDa [107].

2.2.3. Two-dimensional polyacrylamide gel electroph  oresis

Two-dimensional PAGE (2D-PAGE) is a combinationsafelectric focusing (IEF) and SDS-
PAGE. In the first dimension, proteins are separate a gel strip with an immobilized pH
gradient. A voltage is applied across the gel sngd the proteins are forced to travel to the
position where the pH value is identical to thewelectric point (pl), this pH value is where
the net charge of the protein is zero. Afterwatts, IEF gel stripe is subjected to a SDS-
PAGE to separate the proteins by size in the sedondnsion. 2D-PAGE enables separation
of hundreds to thousands of proteins. Fluorescges that are covalently tagged to proteins
are utilized for relative quantification by two-demsional differential gel electrophoresis (2D
DIGE) [108]. [36]
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2.2.4. Gel elution liquid fraction entrapment elect  rophoresis

Gel elution liquid fraction entrapment electrophsise(GELFREE) is a technique that was
originally applied to purify proteins. Recentlyjshmethod was established for the separation
and fractionation of proteins. The system utilingéise gels for SDS-PAGE separation of pro-
teins. Unlike conventional SDS-PAGE, proteins drgeel at the end of the gel. The eluting
fractions are trapped in a small volume (150 pl3imst a membrane with a molecular weight
cut off of 3 kDa. The separation efficiency of #ystem is dependent on the percentage of the
applied gel. 12% gels for example are used to agpgroteins from 3.5 to 50 kDa whereas
5% gels are used to resolve proteins between 75@@dd&Da. This system benefits from par-
allel separation of a maximum of eight samplesiga tbading capacity (up to 500 pg), and
an improved protein recovery in the liquid phad®9, 110]

2.2.5. Applications of gel-based protein fractionat ion in shotgun

proteomics

The application of 2D DIGE compromises relative mjifecation of up to three samples on
one gel [108]. An advantage of 2D DIGE comparedi¢bfree quantification techniques is
the separation of protein isomers with differenstpwanslational modifications (PTM) like
phosphorylations, acetylations or sulfations [1Hdwever, 2D DIGE has a limited dynamic
range and the experiments are much more laborsivethan gel-free approaches. Addition-
ally, 2D DIGE cannot compete with the amount ofilade data gained by MS based quanti-
fication techniques [112]. Especially, systemsdmyi research projects require as much quan-
titative information as possible.

Gel based protein separation techniques are veyl@oin proteomics because of their high
resolving power and orthogonality to liquid chroogriaphy. Particularly, protein separation
by SDS-PAGE prior to proteolytic digestion and LGSMnalysis, called GeLC-MS, is fre-
guently used to increase the dynamic range. Theagelusually cut into several fractions and
proteins are digested in the gel. Subsequent tieqlgdic digestion, peptides are eluted from
the gel pieces. The recovery strongly depends erp#ptide sequence and varies between
70% and 90% compared to digestion in solution [1GHLC-MS is very popular because it is
robust and offers high resolution separation otgns that is orthogonal to reversed phase
liquid chromatography (RP-LC). Furthermore, GeLC-RaSilitates efficient protein modifi-
cation such as reduction and alkylation, deglycsyh or dephosphorylation within the gel.
Reagents that are not compatible with LC-MS analgan be easily removed.

However, Kleinet al. [6] showed that especially LMW proteins partiallyute during the ex-
tensive washing and destaining procedure of thgelndigestion. Hence, this is one of the
main reasons for the poor identification rates MM/ proteins in gel-based proteomics.

Conclusively, gel-based separation techniques dfigh resolution separation of proteins.
Modified protocols enable the separation of LMWtphos or relative protein quantification.

8
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Gel-based separation can be easily combined wits reectrometric analysis and offers fur-
ther information such as the molecular weight @f fitaction and the pl value of the proteins
in 2D PAGE.

2.3 Liquid chromatography

Liquid chromatography (LC) is a technique for teparation of substance mixtures. The sep-
aration principle of LC is based on the distribatiof different substances in the mobile and
the stationary phases. The stationary phase igl fimecolumns. The mobile phase moves
through the column. It mediates interaction proesdsetween stationary phase and analytes
but it is also used to elute separated substaneesthe chromatography column. [114]

Different stationary phases are used for the sé@paraf proteins or proteolytic peptides in
proteomic experiments. The most common types adrolpyobic, ionic, hydrophilic, and
affinity interaction, as well as size exclusion.esk different LC techniques are used to re-
duce the sample complexity, in order to increagestimsitivity of MS analysis. Thus, the dy-
namic concentration range of MS analyses is exténde

Reversed phase liquid chromatography (RP-LC) wasgdated analog to polar “normal”
phases such as silica gels, which were used atféirschromatography. Usually, alkane
chains with 2-18 C-atoms are bound covalently solad support material such as silica gels.
The non-polar character of the stationary phaseeases with the length of the alkane chains.
C4 or C8 stationary phases are used to separasnmowhereas peptides are commonly sep-
arated on C18 columns. In the final stage of bottgnproteomics experiments, peptides are
typically separated on a C18 column that is diyectiupled to an MS via an electrospray ion-
ization (ESI) source.

The mobile phase consists of water and a non-pmérent which is usually acetonitrile
(CAN) or methanol with optional additives. Peptidesproteins are commonly separated and
eluted by continuously increasing the percentagia@hon-polar solvent. The separation be-
havior of RP-LC depends on the pH value of the heophase. For LC-MS applications,
0.1% formic acid (FA) is typically added to the nielphase to ensure a pH of two and to
provide protons for the peptide ionization. The leyapion of two different pH values facili-
tates two-dimensional RP-RP separation of pep{itles]. For this purpose, peptides are sep-
arated at a basic pH value (e.g. ammonium formieatier pH = 10) in the first dimension
and an acidic pH in the second dimension (e.g. A%pH = 2).

lon chromatography is used to fractionate eith@tgins or peptides. It is subdivided into
cation and anion exchange chromatography. Cati@hasgers are negatively charged and
interact with positively charged analytes, wherpasitively charged anion exchangers bind
negatively charged analytes. lon exchangers angrogsto retain their charge over a broad
pH range. Analytes which are bound to an ion exgha@are usually eluted by a gradient of
increasing sodium chloride concentration [114]. Théoride and sodium ions compete with

9
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the analytes for the charged binding groups ofitimeexchanger. Especially strong cation
exchange (SCX) chromatography is used to enrich-tpasslational modified peptides with
phosphorylations or N-terminal acetylations [116].

Hydrophilic interaction chromatography (HILIC) ised to separate analytes according to
their polarity. HILIC utilizes polar stationary pées such as silica gels modified with amide
[117] or zwitterionic phases [118, 119]. The molplease contains a non-polar solvent like
acetonitrile (ACN) or methanol mixed with low amasirof aqueous buffer [120]. The sta-
tionary phase exhibits a water rich layer wherbasnobile phase possesses a low water con-
centration. Analytes are distributed between the plvases but also interact directly with the
stationary phase [121, 122]. Elution of analytegadsried out by increasing the amount of
water in the mobile phase. HILIC is often usedtfor fractionation of peptides but it is also
possible to couple it directly to MS analysis vimEES| source.

Size exclusion chromatography (SEC) separatesipso&ecording to their size. The station-
ary phase is a material with defined pores. Smalteteins penetrate further into the pores
than larger ones. Thus, smaller proteins are retlastronger than larger proteins. The mobile
phase has the task of transporting the proteingpaenkenting undesired interactions with the
stationary phase. Therefore, salts, organic sadvantl detergents are added to the mobile
phase [123]. SEC of proteins represents an aligentd SDS-PAGE and provides complete
orthogonality with RP-LC of proteolytic peptides.

Recently, monolithic columns have become incredgipgpular. They consist of a continu-
ous bed support with a porous structure that fatds fast mass transfer with increased per-
meability and low backpressure at high flow rate®4] 125]. Long monolithic RP columns
e.g. allow high resolution separation of peptideth wextremely long gradients (up to 41 h)
[126]. The possibility of immobilizing proteins @monolithic support enables can be used to
facilitate on-line proteolytic digestions [127] affinity purification of peptides and proteins
[128, 129]. Furthermore, monolithic columns carsgethesized with a large variety of inter-
action types such as RP, HILIC or ion exchange].124

Affinity chromatography utilizes highly specific teractions between the analytes and the
stationary phase to purify a specific compoundamngound group out of a complex mixture
of substances. Monoclonal antibodies are well dutibepurify a certain protein [130]. Lectins
are sugar-binding proteins which are used to birstindt glycoproteins or glycopeptides
[131]. Immobilized metal ion affinity chromatograplfiIMAC) is used to bind peptides or
proteins containing polyhistidine tags [132] or ppborylations [133, 134]. Especially mono-
lithic columns are well-suited to immobilize antdes, lectins, metal ions or avidine for the
purification of biotinylated proteins or peptidd®B, 129].

Frequently, multiple separation techniques are éoetbon protein or on peptide level to
improve the separation and to increase the dynaamge. Strong cation exchangers (SCX)
[135] and SEC [123, 136, 137] can be used to peraép proteins prior to proteolytic diges-

10
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tion. Multidimensional peptide separation techngugpically use fractionation by SCX,
HILIC or RP-LC (pH 10) in combination with RP-LCHp2) [115, 138, 139].

2.4 Application of multiple proteases

In bottom-up proteomics experiments, proteasesised to cleave proteins into peptides prior
to MS analysis. The most commonly used proteasé¢hfsrpurpose is trypsin. It hydrolyzes
almost exclusively the peptide bonds that are &mta-terminally to arginine and lysine
[140]. The cleavage is inhibited if proline dirgctbllows arginine or lysine on the carboxyl
side, although it does occur to some extent [1djptic peptides have the advantage that the
side chains of the C-terminal amino acids lysing arginine are positively charged. Hereby,
the ionization efficiency is improved. Additionalllandem mass spectra of tryptic peptides
contain both, N- and C-terminal fragment ions.

However there are a number of different proteadashware also useful in proteomic studies
(Tab. 2-1). To improve the digestion efficiencysiGyis often used to perform a pre-digestion
of proteins at denaturating conditions with up tM&irea prior to proteolysis with trypsin
[142]. The endoproteinase LysN creates peptides dha preferably protonated at the N-
termini. Fragmentation of these ions leads to eob@mtensities of N-terminal fragment ions
[143, 144].

The optimal length of peptides for MS analysisesieen seven and 35 amino acids [8]. The
application of multiple proteases in separate digesapproaches provides more unique pep-
tides with a suited length and offers increasedigepnd protein identifications as well as
higher protein sequence coverage [8].

Tab. 2-1: Frequently used proteases in proteomic studies. The pH optima and specificities are
according to the manufactures information (Roche).

Protease pH optimum Specificity Gleavage side
Trypsin 8.0 K, R C-terminal
AspN 7.0-8.0 D (pH 7); D, E (pH 8) N-terminal
GluC 40and 7.8 E (pH 4); D, E (pH 7.8) C-terminal
LysC 8.5-8.8 K C-terminal
LysN 9.5 K N-terminal
ArgC 7.2-8.0 R C-terminal
Pepsin 1.8-2.2 Broad specificity; pre- | Preferred C-terminal
ferred hydrophobic and
aromatic amino acids
Chymotrypsin 7.0-9.0 Y,F, W,L,M, A DE C-terminal

11



2. Methods for improved identification and quantifi cation rates in proteomic approaches

2.5Mass spectrometry

A mass spectrometer generally consists of threis,pa@n ion source, a mass analyzer, and an
ion detector. Matrix assisted laser desorptionzaton (MALDI) and electrospray ionization
(ESI) are the preferred methods for peptide antepraonization. Time-of-flight (TOF), ion
mobility, quadrupole, ion trap as well as fouriarsformation (FT) are the most widely-used
analyzers. lon detection is commonly realized lectebn multipliers, faraday cups or micro-
channel plates.

All measurements reported in this thesis were pero on LTQ (linear trap quadrupole)
hybrid Orbitrap mass spectrometers (LTQ Orbitrap XID and LTQ OrbitrapVelos ETD).
Therefore, the chapter mass spectrometry aimost®xely focuses on the working principle
and the analytical capabilities of LTQ Orbitrap mapectrometers. The LTQ Orbitrap XL
ETD mass spectrometer is a combination of a lireatrap (LIT) and an orbitrap mass ana-
lyzer with optional quadrupole like fragmentationdaelectron transfer dissociation (ETD)
fragmentation capability (Fig. 2-1).

LTQ XL Orbitrap ETD Module
ESI Linear [Quadrupole Transfer I Reagent
source Ion Optlcs lon Trap Mass Filter C-Trap HCD cell  Multipole lon Source
M - e P — |
H | :4%5‘2? ==
} i O -
.-
/i"l reagent 1| [reagent 2
== e heatet || heatet
N | inlet inlet
Orbitrap
Mass Analyzer
Fig. 2-1: Schematic of the LTQ Orbitrap XL ETD mass spectrometer. A LC is coupled to the

mass spectrometer via an ESI source. lon optics focus the ion beam and transfer the ions into the LIT
for MS analysis. The LIT has two ion multipliers for ion detection (shown as circles). Alternatively, ions
can be further transferred into the Orbitrap mass analyzer for high resolution, high mass accuracy
scans. For this purpose, the ions are compressed within the C-trap in short ion packages which are
injected into the Orbitrap for MS analysis. An octopole higher energy collision-induced dissociation
(HCD) cell gives the opportunity for “quadrupole like fragmentation”. HCD spectra are recorded by the
Orbitrap. An electron transfer dissociation (ETD) module enables ETD fragmentation within the LIT.
ETD spectra can be recorded either in the LIT or the Orbitrap. Adapted and slightly modified from
[145] with permission. Copyright © 2013 by American Society for Biochemistry and Molecular Biology.

2.5.1. lonization techniques

In proteomics MALDI and ESI are almost exclusivaied for ionization of proteins and pep-
tides. Both techniques enable ionization of noratri@d molecules. LTQ Orbitrap instruments
are equipped either with ESI or MALDI ion sourcklere, an ESI source was used to enable
direct coupling of an LC with MS.

The MALDI technique was invented by Karas, Hillenkaand coworkers in 1985 [146]. The
principle of MALDI is based on the co-crystallizati of analyte molecules with a chromo-
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phore carrying matrix. The chromophore enables ratisn of ultra-violet (UV) or infrared
light. UV MALDI is usually tuned to 337 nm: the ession wavelength of nitrogen lasers.
Laser shots are absorbed by the matrix which |éa@dxpansion and disorder to the crystal
structure. The absorbed energy is immediately selddy an explosive transfer of analyte
and matrix molecules into the gas phase. Withirgdee phase radical matrix molecules trans-
fer protons to analyte molecules. Subsequentlyatiayte ions are accelerated by the appli-
cation of high voltage and get analyzed by a maa$yaer.

In the 1980’s, John Fenn and coworkers developedirst ESI source coupling LC with MS
[147, 148]. Nowadays nano-LC-ESI-MS is the mostjdiently used technique for proteomic
analyses due to its high sample throughput and'atma efficiency.

ESI is based upon desolvation of dissolved anatyte at atmospheric pressure. The analyte
containing liquid flows through a capillary. Thesetrical potential between the capillary and

a counter-electrode disperses the liquid into sictzdirged droplets which are accelerated in
the direction of the MS orifice. The charge densitghe droplets increases due to the evapo-
ration of the solvent. Hereby, the electrostatjmutsion of the ions rises with the contraction

of the droplets. When coulomb repulsion forces edcthe surface tension forces (Raleigh

limit), the droplets are broken up explosively isimaller droplets. A row of successive de-

cays finally results in completely desolved iorisl4]

The innovation of MALDI and ESI were major breakthghs for analysis of non-volatile
molecules. In 2002 Koichi Tanaka (MALDI-MS), Joherfa (ESI-MS) and Kurt Wuthrich

(NMR spectroscopy) received the Noble Prize "fa development of methods for identifica-
tion and structure analyses of biological macromulies.”

MALDI- and ESI-MS have shown to provide complemeynteesults. MALDI-MS tends to
identify peptides that contain basic and aromatina acids [149], whereas ESI-MS enables
enhanced ionization of nonpolar peptides [150].tharmore, tryptic peptides ending with
lysine are favored by ESI whereas MALDI preferatulgizes peptides with a C-terminal ar-
ginine [151]. The application of MALDI- and ESI-M8r the quantitative analyses by isobar-
ic tags, e.g., for relative and absolute quantita{i TRAQ) showed a modest protein identifi-
cation overlap between 50% [152] to 63% [153].

2.5.2. Mass analyzers

LTQ Orbitrap mass spectrometers combine the adgastaf IT and FT mass analyzers. The
FT analyzer is responsible for scans with high ltggm and high mass accuracy whereas the
IT analyzer facilitates fast scanning with high sawity.

The Orbitrap offers superior mass resolution ofta@50,000 in comparison to quadrupole
ion traps. Additionally higher mass accuracy (dawril-2 ppm) is achievable whereas LIT
mass analyzers have a low mass accuracy in the t@tgeen 0.3 and 0.5 Da in normal scan
mode. However, ion fragmentation experiments cafweoperformed within the Orbitrap it-
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self and scanning speed is rather low (Orbitrapaybrox. 1 Hz at R = 60,000) compared to
LIT analyzers (LTQ Velos: up to 10 Hz at normalrscate, 0.1 u FWHM, approx. R = 5000)
[145].

Thermo Scientific launched a hybrid mass spectremedlled LTQ Orbitrap in 2005. Since
that time Orbitrap mass spectrometers were fuithproved to achieve higher sensitivity and
faster scan rates. In the latest version, the @ybiEusion, the scanning speed was increased
to a maximum of 15 Hz at a resolving power of 18,00

Linear ion traps

The design of linear ion traps is a modificatiortted quadrupole mass analyzer that facilitates
the trapping of ions. For this purpose the quadeigodivided into three parts which are iso-
lated at the end caps for electrical separatioms lre trapped radially by a two-dimensional
radio frequency (RF) field applied at the middlet@nd axially by direct current (DC) volt-
ages applied at the two exterior sections whichegge stopping potentials [154, 155]. In
brief, a potential well is formed to confine ionghin the linear ion trap.

The ion trap is filled with a low millibar pressufe.g. LTQ Velos: 6.7 mbar [145]) of buffer
gas such as Helium to increase the trapping effogig156, 157]. lons are slowed down by
collisions with gas molecules leading to more &fi¢ trapping. The ion motion in linear ion
traps is defined by Mathieu functions [155].

The dimensionless variableg &, g and g (Eq. 2-1 - Eq. 2-2) are used to describe stalsle io
trajectories within the LIT. lons which are confthen the LIT are oscillating with the fre-
guencieso, that are dependent @na dimensionless parameter which is a functioa ahd q
(Eq. 2-3). [155, 158]

8-z-e-U
ax=—ay=m_(x+y)2_ﬂz Eq. 2-1
_ _ 4rzreV
qx__qaf_m.(x+y)2.ﬂz Eq. 2-2
Wp =2 n+P)SWIOSB<L n=021L,42.. g o3
number of charges e: elementary charge (11604 A-s) [As]
amplitude of DC voltage [V] V: amplitude of Riéltage [V]
mass of the ion [kg] Q: angular frequency of RF voltage [s]

distance to the center in x direction [m]

< ¥ 3 C N

distance to the center in y direction [m]

For ion tapping RF (V) voltage, but not DC (U) \age is applied whereas a stopping poten-
tial is applied to both end-cap electrodes [154je Btopping potential is usually realized by
grounding these electrodes [154]. Thereby all staits are located on the axis (a=0, Fig.
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2-2). lons with highenvz ratios are located closer to the origin. lon egecis performed
either by mass selective instability scan (MSIShypresonance.

For MSIS, the RF voltage is ramped to raigeudtil ions become unstable by exceeding the
critical value of 0.908 [154] (Fig. 2-2). Herebyns are ejected one after the other from
smaller to highenvz ratios. Resonance ejection is generally usedolats a narrow range of
m/z ratios. For this purpose a DC voltage is applieditionally to a RF voltage and ions are
ejected according to their resonance conditiond,[155].

a A
0.25 1

0.20 1

0.15 1

0.10 1

0.05 1

0.00 1

-0.05 1

-0.10 1

-0.15 1

-0.20 1

-0.25 1

Fig. 2-2: Stability diagram of a LIT. The stability boundaries are indicated in red. lons are
trapped by application of RF voltage along the g, axis. lons with higher m/z ratio have lower g, values
as indicated as yellow dots in the scaled down diagram. The cut-off value for ion stability along the gy
axis is 0.908. Modified and reprinted with permission from [159]. Copyright © 2008 Elsevier B.V.
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Orbitrap fourier transformation mass analyzers

In recent years FT analyzers have become very pojnulproteomics. Among the different
FT analyzers the Orbitrap, which was invented bgxahder Makarov in 2000 [160], is the
most prevalent. The Orbitrap design is based orKihgdon Trap [161], an ion trap which
exploits a merely electrostatic field for ion trapyp[162]. Thus, the Orbitrap does not require
a superconducting magnet like FT ion cyclotron nesee (ICR) mass spectrometers. As a
result of this, the Orbitrap has a smaller size @eks not need liquid helium for cooling. lons
are trapped by a combined “quadro-logarithmic” &testatic potential which is created by
axially symmetric electrodes [162].

The ions are injected perpendicularly to the z-axid laterally shifted from the center in z

direction. Subsequently ions are confined on roteti trajectories around the inner electrode
with oscillation in z direction. The electrostapiotential forces the ions to move along orbits
(Fig. 2-3).

A,

N—

X

R1

I T
1/

i

i

i
>— FT analysis

amplifier

Fig. 2-3: Cross-section of an Orbitrap mass analyzer. r and z are the cylindrical coordinates
with z=0 as symmetry plane. The maximum radius of the inner electrode is defined as R1. R2 is the
maximum inner radius of the outer electrode. The cross indicates the position where the ions are in-
jected perpendicular to the z-axis. The dashed line indicates a stable ion trajectory. The outer elec-
trode is split in two parts at z=0. The image current of axial ion motion is detected and amplified. The
mass spectrum is created after FT analysis of the signal. (Modified and reprinted with permission from
[160]. Copyright © 2000 American Chemical Society)

The ion motion in z direction can be describedasionic axial oscillation. The frequency of
this oscillation is a function of th&/z ratio (Eq. 2-4) which is independent of the oy
and position [160, 162].

Eq. 2-4

1S
1]
SEE{

The axial ion motion induces a current (image ajrevhich is detected by the split outer
electrode (Fig. 2-3). Different ion species prodacsuperposition of the signal. To create a
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mass spectrum, the signal has to be amplified aodepsed by FT analysis [160]. The FT
analysis transforms the signal into a frequencytion that is finally converted into a mass
spectrum.

2.5.3. Peptide fragmentation

Peptide fragmentation is used to obtain sequerfoeniation. There are different fragmenta-
tion techniques available in MS. The fragmentagpattern is dependent on the instrument
type and the fragmentation method. Peptides ustrafymentize at their backbone. Accord-
ing to the nomenclature of Roepstaeffal. [163] peptide fragmentation is subdivided in a-x,
y-b and c-z fragmentation (Fig. 2-4).

g..)(3 y: i..Z: §..)(2 y’2 i..Z2 X‘ y1 ?“Z‘
Hﬁ—(lz——c——||\|——c|:——c——||\1——c|;—— —-—ll\l C|:—COOH
Hi JHIH] [HIH! IHiH
Ad Dowi (G @200 G i@E Dl (Clas
N-terminal series C-terminal series
R0 R " R, O R, '
a, HBN—(|:—C—N—(|) b O=C—ITI—C—C—N—C—COOH
H H H H H H
+ +
Tl T T1 T
b, HBN—(|:—C—I‘|~I—C|)—C=O Y. HN—(|3—C—TI—C|:—COOH
H H H H H H
+ +
Tr T T
c: H3N—(|3—C—I|\I—(|3—C—NH r (|3—C—I|\I—(|3—COOH
H H H H H H
Fig. 2-4: Peptide fragmentation scheme according to Roepstorff et al. [163]. A peptide with four

amino acids is shown. Three different cleavage points of the peptide backbone per peptide bond are
possible. The N-terminal cleavage products are named a, b and z-ions whereas the C-terminal frag-

ment ions are named X, y and z-ions. The two series are serially numbered starting at the N- or C-

term, respectively. The fragment ions for cleavage at the second peptide bond are shown below the
peptide.

Here, the possibilities of LTQ Orbitrap ETD hybmdlass spectrometers will be explained.
Collision-induced dissociation (CID), pulsed-Q disgtion (PQD), electron transfer dissocia-
tion (ETD) and higher energy collision-induced dgation (HCD) are available for ion
fragmentation. HCD is performed in a separate ad®opollision cell whereas the remaining
three fragmentation techniques are carried outimittee LIT (Fig. 2-1). The descriptions of
the fragmentation techniques are according to th® [Orbitrap Velos Biotech Operations

Training Course Manual [164].
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The most widely used acquisition mode is basedimulganeous acquisition of MS scans
within the Orbitrap and MS/MS scans within the LA predefined number of precursor ions
are chosen for subsequent tandem MS (MS/MS) expeatsnin each scan. While the next
mass spectrum is acquired, MS/MS scans are pertbmmige LIT.

The LIT has two ion multipliers at both sides oé tkraxis. As a consequence, all ions which
would become unstable in y-direction could not beedted. To force the ions to oscillate in
x-direction, an alternating current (AC) voltageasplied to the x-rods. The frequency of the
AC voltage is kept constant during ion ejection lehis amplitude is ramped together with
the RF voltage. As a result, all ions become utestizbx-direction if the new stability limit of

g = 0.88 is exceeded. [164]

Collision-induced Dissociation

For CID, a precursor ion is isolated in the LIT.| Abns except the chosem/z range
(q =0.87) are brought to resonance and get ejeEmdfragmentation, the precursor ion is
cooled down to g = 0.25 to facilitate trapping cdgment ions since smallevz ratios pos-
sess higher g values. [164]

The ion species of interest is excited by resonaocelitions, but the applied AC voltage is
much lower than the one applied for ion ejectionn§equently the chosen precursor ions
oscillate with higher velocity, but it is still cbned within the LIT. During oscillation precur-
sor ions strike helium atoms, which are presenthentrap from ion cooling and dissociate
(see chapter 2.5.2) preferentially into y- and fisioThe fragment ions are no longer in reso-
nance due to their changed g-value which prevemtserutive fragmentations. Frequently
neutral losses of water or ammonium of precursos ioccur upon collisions. The precursor
ion minus these neutral losses can also be aativateCID to achieve a more complete frag-
mentation pattern (WideBandActivatibh - WBA). The MS/MS spectrum is recorded by
MSIS as described above. A CID fragmentation schismbown in Fig. 2-5. [164]

The smallest detectable ion in CID fragmentatiodapendent on the activation q and tiz
of the precursor. As a rule of thumb, the detechimit is approximately 1/3 of the precursor
m/z ratio (Eq. 2-5). [164]

_ (activation - 1
m/Zmin = m/Zprecursor ' 0.908 ~ § ' m/Zprecursor Eq. 2-5
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Fragment Isolation MS"

A. Trapping B. Isolation C. Excitation D. Fragment ion E. Detection

(g=0.87) (g=0.25) storage

+ AC (x-rods) RF + AC ramping RF+AC

(x-rods)

Peptide ions: e@e® s

Helium atoms: - =

Fragmentions: ecee | ‘ | ‘
my/.

Il-
I
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Fig. 2-5: CID fragmentation scheme. (A) All ions are trapped. (B) A selected precursor ion is
isolated at q = 0.87. (C) The precursor ion is excited and collides with helium atoms. (D) The fragment
ions are stored. It is possible to select a fragment ion and to perform MS" experiments. (E) The frag-
ment ions are scanned out in direction of the ion detectors and a fragment ion spectrum is recorded.
The fragment ions can either be detected in the LIT or can be subjected to the Orbitrap for scanning.

Pulsed-Q Dissociation

Pulsed-Q Dissociation (PQD) was invented to oveedhe low mass cut-off of CID in the
LIT. In contrast to CID, the precursor ion is noibted down to g = 0.25 and is activated at
g = 0.87 with higher collisional energy insteadiekfa delay of 0.1 ms and before dissocia-
tion takes place, the g-value of the precursonsgoulsed to the lowest obtainable value. As a
result lowm/z ratios of fragment ions are detectable, which wde lost by CID. However,
fragment ions retain some of the energy which ead lto consecutive fragmentations. As a
consequence, MS/MS spectra of PQD are very difter@mpared to CID.

Higher energy Collision induced Dissociation

LTQ Orbitrap mass spectrometers offer a second i@éthod called higher energy collision-
induced dissociation (HCD) that is similar to betme CID of triple quadrupole or quadru-
pole TOF (Q-TOF) instruments. lons are transfeteedhe C-trap which is held at ground
potential. A quadrupole mass filter enables premuisolation. Subsequently, ions are inject-
ed with high velocity into the HCD octopole cell ieh is filled with 5-1G° mbar nitrogen.
The ions hit nitrogen molecules with higher enefgy80-100 eV) than compared to CID in
the LIT (multiple collisions at < 2eV) [165]. Aftéragmentation, the ions are transferred back
into the C-trap for subsequent ejection into thbittap. The MS/MS spectrum is acquired in
the Orbitrap at high resolution. Therefore, ther@d possibility of simultaneous acquisition
of survey MS and HCD spectra.

HCD spectra are dominated by b- and y-ions like Gfigctra, but the fragmentation pattern
differs due to the application of higher energy. &dvantage over CID in the LIT is that
fragment ions withm/z ratios lower than 1/3 of the precursor are stliedtable.
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Electron Transfer Dissociation

A complementary fragmentation method to both Cli@ BICD is Electron Transfer Dissocia-
tion (ETD). It was developed by Sykhal. [166] in 2004. ETD is a radical-driven fragmenta-
tion and mainly produces c- and radical z-ionsantast to b- and y-ions that are generated
by CID and HCD [166]. Thus ETD provides additionmabrmation when it is combined an-
cillary to CID or HCD. A major advantage of ETDtlsat labile post translational modifica-
tions (PTMs) like phosphorylations [167], O-glyctaions [168] and N-glycosylations [169]
are retained at the fragment ions.

For ETD, multiple charged analyte cations and @damions have to be brought together for
reaction. Fluoranthene radical anions are prodwadtin the negative chemical ionization
(NCI) source (Fig. 2-6, A). Fluoranthene has shdwrffer the best electron transfer effi-
ciency from the tested reagents by Heirdl. [170]. The fluoranthene radical anions are sub-
jected to the LIT where the ETD reaction with tleptides takes place (Fig. 2-6).

A Filament = Reagent Source
. front center back
>70 eV .. @ O | | | | | |
T QOK B oo
O | | ]
O front center back
i O@ | | [
71\ @ cC o
>50eVe @ >1eV [ ]| [ [ ]
N, \
Fig. 2-6: Scheme of ETD fragmentation. (A) Fluoranthene is transported by nitrogen into the

ion volume. Electrons (> 70 eV) produced by filament are also guided into the ion source. The elec-
trons collide with nitrogen molecules and produce positive nitrogen ions, slowed down electrons (>50
eV) and thermal electrons (> 1 eV). The thermal electrons react with fluoranthene and produce fluo-
ranthene radical ions which are transmitted to the LIT where the reaction takes place. (B) Protonated
peptides are confined in the LIT. (B) A selected precursor ion is isolated and confined in the front sec-
tion of the LIT by application of a DC offset voltage. (C) Fluoranthene radical ions from the negative
chemical ion source are injected into the center of the LIT. (E) The positive precursor ions are trans-
ferred into the center of the LIT where the ETD reaction takes place. (F) Remaining fluoranthene radi-
cal anions are removed axially. The peptide fragment ions are either measured in the LIT or get axially
ejected towards the C-trap to record the MS/MS spectrum within the Orbitrap. Adapted and slightly
modified from [164] with permission from Thermo Scientific.
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ETD has been shown to perform better than CID far fragmentation of peptides with
charge state three or higher [171]. However, ETdgyrinentation of doubly charged peptides
tends to result in very poor identification ratagedo the charge state reduction during the
ETD process. Charge state reduction of doubly duhrgeptides often leads to non-
dissociative electron transfer. Additionally, fragmt ion intensities are decreased for doubly
charged peptides since either c- or radical z-fypgments remain uncharged after fragmen-
tation. To overcome poor fragmentation efficiencaégpeptides with charge state two, sup-
plemental collision activation of charge reducegtpke ions was developed [172, 173]. The
resulting fragment ion spectra consist of b-, e-ayd radical z-type ions when high collision-
al energy is applied [172] whereas low-energy seipgintal collisional activation generates
nearly exclusively c- and radical z-type ions [17&diditionally, c-1 radical ions and z+1 ions
are produced due to a hydrogen transfer reactibfid |

Comparison of different fragmentation techniques

The most popular fragmentation technique in proiesns CID. HCD and PQD offer the
detectability of fragment ions lower than one thifdthe precursor m/z in contrast to CID.
This is especially important for relative proteinagtification by iTRAQ, where reporter
groups withm/z between 113 and 121 [175] are used. ETD is ma$tiywiused for the analy-
sis of labile PTMs [167-169]. In shotgun experinggrETD can be used to confirm peptide
identification derived by CID and to identify addital peptides. Molinat al. published a
comparison of CID with ETD and alternating CID/ETI¥6]. ETD increased the number of
unique peptides by 7-8% and offered confirmatiarbfé?o (ETD) and 71% (ETD/CID) of the
peptide identifications by CID [176].
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2.6 Database search

2.6.1. Database search engines

Shotgun proteomics strongly depends on databasehsalyorithms for automated peptide
identification. Popular search algorithms like Mats[l77], Sequest [178], X!Tandem [179],
Andromeda [180] and OMSSA [181] use the same hasiciple (Fig.2-7).
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Other search engines use the interpretation of MSS#dectra based on short sequence tags
within the spectra by searching for consecutivgrirant ion series [182]. Subsequent scoring
of MS/MS spectra is restricted to peptides whictiude these sequence tags. The less fre-
guently used search engines X!Hunter [183] andi@8gec [184] directly compare MS/MS
spectra to spectrum library.
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Sensitivity and accuracy differ depending on therieg algorithm. Hence, the confidence
and the quantity of peptide and protein identifma$ benefit from the usage of multiple
search engines. Several software tools like SahffelSblender [185], PeaksDB [186] and
PeptideShaker [187-189] facilitate the integratadrdifferent search engine results into one
data analysis. Additionally cumulative peptide gndtein false discovery rates (FDR) are
estimated by these tools.

Typically a reverse or random concatenated datalkassarched to estimate peptide and pro-
tein FDRs [190, 191]. These databases have the aarant of target (forward) and decoy
(random or reverse) entries that enable statiségaluation of database search results. It is
advantageous to use reverse entries as decoysskemawno acid compositions and sequence
lengths of obtained decoy peptides are very sinildhe target entries [191]. Commonly two
different equations are used for FDR estimationpnoteomics experiments (Eq. 2-6, Eq.
2-7).

2 IDgecoy
191 FDR =
[ ] IDtarget + IDdecoy Eq 2-6
IDdecoy
190 FDR =
[190] IDiarget + IDaecoy Eq. 27

2.6.2. Database refinement by proteogenomics

Proteomic studies are strongly dependent on thieiprdatabase quality. Conventional data-
base searches are only able to identify peptidaesexps that are part of the utilized protein
database. Protein sequences are usually annotategutationally according to the genome
of the investigated organism by gene-finding sofewsuch as GeneMARK [45], Glimmer
[46], IMG [47], or RAST [48]. However, the predioti accuracy and completeness of these
tools are often suboptimal.

In recent years, the combination of genomics aradepmics, called proteogenomics, has
been used to refine protein databases. Proteogerstuties are utilized for the confirmation
and correction of existing protein annotations afl as the identification of new protein cod-
ing genes [192, 193].

Generally, a protein database for the investigatggdnism is constructed from the existing
protein annotations and a six-frame translatiothef genome. Instead of the genome, tran-
scriptome data can be translated into protein sespse This is particularly useful for eukary-
otes, which possess a high content of non-coding Dbl keep the database size manageabile.
Alternatively, manual annotations or alternativgissnces can also be added to the database.
Next, the MS data from proteomics experiments & deed against this combined database.
[192, 193]
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Peptides that match to the existing annotationéirtoithe predicted protein sequence entries.
Peptides which are unique to the six-frame, trapgone translation, or the database comple-
tion are used to identify new protein coding geaerd incorrect annotations such as wrong
translation initiation assignments. [192, 193]

2.7 Quantitative Proteomics

2.7.1. Isotope labeling techniques

In recent years, stable isotope labeling technidaegproteins or proteolytic peptides were
developed to overcome the limitations of 2D-PAGHREIlgsis in quantitative proteomics. All
of these approaches have in common, that equatipraimounts of differentially labeled
samples are mixed prior to MS analysis. Differdhjtitabeled peptides with the same se-
guence co-elute during LC-MS analysis. Relativengjfiaation is usually performed by com-
paring the signal intensities of these co-elutimptwles in the survey spectrum whereas
chemical labeling with isobaric mass tags utilites intensities of reporter ions that are gen-
erated by CID fragmentation for quantification (F2g8).

A B reporter ions
for relative
quantification

- mass shift of isotope IabelL -
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Fig. 2-8: MS based quantification with isotope labeling. (A) Relative quantification on the basis

of differentially labeled peptides by comparing the individual intensities in the survey scan. The isotope
pattern show the mass shift introduced by the isotope label. (B) Relative quantification on the basis of
isobaric mass tags. The reporter ions are generated during peptide fragmentation. The reporter ion
signal intensities are used for relative quantification whereas the other signals are used for peptide
identification.

Metabolic labeling

Metabolic labeling is achieved during cell growtidadivision [37]. Protein labeling can be
performed by growth on substrates fully labeledhvtable isotopes lik&N or °C [194-
196]. Recently, the®S and*'S stable isotope labeling of amino acids for qigation
(SULAQ) was introduced [197, 198]. Here, cysteind anethionine residues are labeled met-
abolically with stable isotopes of sulfur (Fig. 2-9

Stable isotope labeling by amino acids in celludt(SILAC) [199] facilitates the incorpora-
tion of distinct isotopically labeled amino aciaga the proteins. These amino acids are added
to a chemically defined culture medium. The labedadno acids should be essential for the
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studied organism to achieve quantitative incorponainto proteins. However, even though
arginine is not an essential amino acids for humians commonly used to label human cell
lines and shows sufficient incorporation of grealen 95%.

Since labeling with heavy nitrogen, carbon, sulBatopes or SILAC is performed in cell

cultures, there are special requirements for theireumedium. For SILAC, the medium has
to lack the amino acids which are used for labelihgitrogen or carbon labeling is used, the
labeled substrates should be the only metabolizedr XC-source of the organism. Therefore
chemically defined growth substrates are indispaiesir metabolic labeling. It is also pos-
sible to perform metabolic labeling of whole animaking isotope labeled feeding. However,
those experiments are very cost-intensive and tomsuming.

Chemical labeling

Chemical labeling can be performed either at pnoteiat peptide level. The chemical label
techniques isotope-coded affinity tag (ICAT) andtipe-coded protein label (ICPL) are
commercially available for protein labeling [200he ICAT reagent includes a biotin tag that
is bound covalently to the cysteine side chainthefproteins. After optional preseparation of
proteins and enzymatic digestion, tagged peptide®@riched by avidin-biotin affinity puri-
fication [201]. Due to the low abundance of cysésin proteins, quantification with ICAT is
not very robust compared to other techniques [201@] 2-9).

With ICPL, proteins are labeled at primary aminougs which results in labeling of lysine
residues and protein N-termini [202]. Up to foumgdes can be compared within one meas-
urement. Due to the modification with ICPL, lysisites are prevented from proteolytic diges-
tion with trypsin. Hence, trypsin exclusively clesvC-terminal from arginine resulting in
longer peptides. To overcome the problem of longtigdes, a two-stage digestion of trypsin
and GluC is recommended to create shorter peputieh are more suitable for MS analysis.
When using the 4-Plex labeling technique, two denaes have deuterated labels. The deuter-
ation produces retention time shifts of 10 to 26osels compared to the other derivatives
[203]. However, the software tool ICPLQuant usas thature for more reliable identification
of ICPL multiplets [203].

ICPL can also be performed post-digestion [204stfeligest ICPL with trypsin generates
smaller peptides with enhanced ionization efficiemompared to the standard ICPL ap-
proach. Moreover, peptides are labeled at lysiselues and their N-termini, which lead to
more quantification features. [204]

Isobaric tags for relative and absolute quantiteidRAQ) [205] and tandem mass tags
(TMT) [206] also use labeling of proteolytic pemsd TMT and iTRAQ labels are isobaric
isomers that consist of a mass balance group aepoater group [205, 206]. During MS/MS
analysis, the mass balance group is released asteahfragment, whereas the differentially
labeled reporter groups offer the information felative quantification [205, 206]. The main
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advantage of iTRAQ and TMT compared to the othentinaed labeling techniques is that
the sample complexity is not increased due to sbedric label. However, when using ion-
trap mass spectrometers, the quantification inldlaenvz range of MS/MS spectra is chal-
lenging. TMT reagents are available at a maximuné-&flex [207], whereas iTRAQ facili-
tates relative quantification of up to eight sarspdethin one measurement [175] (Fig. 2-9).

Enzymatic labeling

Enzymatic labeling by trypsin digestion 1O-labeled water is another possibility to label
peptides [208]. Two labeled oxygen atoms are intced at each peptide C-term during di-
gestion by trypsin [208]. One labeled sample isadixith a non-labeled reference post di-
gestion. The mass difference of 4 amu of co-elupegtides is used to relatively quantify
changes of protein expression [209] (Fig. 2-9).

Spike in of labeled peptides

Relative quantification can also be performed bkieg isotopic labeled peptides into a sam-
ple. The so-called super-SILAC approach uses a GHabeled peptide standard derived
from cultured cell lines [210]. The applied cehlids should be related to the investigated tis-
sue. Geigeket al. [210] for instance applied a SILAC-labeled mix ofef cancer cell lines to
investigate human tumor cells. Synthetic peptidél wotopic label can be used as well for
relative or absolute quantification which is acl@éwy the addition of a defined amount of
labeled peptides. Commonly, multiple reaction manitg (MRM) is used for absolute quan-
tification by spiked in peptides [211]. A drawbagkthis targeted approach is the focus on a
set of chosen proteins.

In conclusion, chemical labeling such as ICAT, ICFMT or iTRAQ are applicable for any
protein sample. Especially for analysis of protezsriamples from animal experiments chem-
ical labeling is the method of choice. On the oth@nd, metabolic labeling offers a more ro-
bust quantification workflow due to the labelingaait early state of the experiment. Therefore,
subsequent separation and fractionation methodbeapplied without influencing the quan-
tification accuracy. Metabolic labeling techniquee very accurate (< 10% relative standard
deviation, rsd) whereas TMT or iTRAQ possess medaaturacy (10-30% rsd) [38]. As a
result of its robustness, easy handling, and walibraated data processing SILAC is the
method of choice among the different metabolic llabgechniques.

The choice of the labeling technique additionatiffuences the applicability of fractionation

methods. Protein labeling allows the usage of sfs&aparation techniques on protein level
whereas labeling after proteolytic digestion meadlgws reduction of sample complexity by

preseparation of peptides.
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Fig. 2-9: Isotope labeling techniques for MS based proteomics. The labeling step is indicated
by orange background with white line patterns. The quantification step is indicated by grey back-
ground. Modified and reprinted with permission from [37]. Copyright © 2007, Springer-Verlag.

2.7.2. Label free quantification

Label free quantification usually utilizes eithgyestral counting or ion intensity profiling.
Spectral counting quantifies proteins accordingh® number of identified peptide MS/MS
spectra. In order to compare protein abundancetrsppeounting data can be normalized ac-
cording to the length of the associated proteirR[28pectral counting is an easy method to
compare different datasets. However, quantitata@ieacy is poor compared to other tech-
niques and the results are strongly dependent®@m#asurement setup like dynamic exclu-
sion of peptides for MS/MS acquisition [38, 39].

Label free relative quantification with ion intetiss utilizes the peak volume from extracted
ion chromatograms of identified peptides of mu#iglC-MS/MS experiments [213]. The
peptide identifications are matched between diffeteC-MS/MS experiments according to
user defined/z and retention time tolerances to increases thebeumf quantification fea-
tures [213].

Comparison of ion intensities allows cost-effectretative protein quantification of all kinds
of biological material. However, quantification acacy of this method is 10% to 30% rela-
tive standard deviation (rsd) [38], whereas RSDsefabolic labeling methods like SILAC
can go below 10% [38, 214].
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The accuracy of label free quantification by intgas strongly depends on the duty cycle of
the precursor ion scans, because peak shapegstadeaitcording to the measurement points
[38, 213]. In other words, the more data pointsgsnspectra) are acquired the better are the
peak shapes. Furthermore, data processing for fisdgeuantification such as data reduction,
deisotoping, feature detection, and noise filtefag a strong influence on the results [213].
Additionally, reproducibility of LC-MS/MS runs hav® be very high to obtain good results
[38]. This is not exclusively a concern of the L€paration and the ESI quality, but also in-
cludes high reproducibility of cell compartmentotain or peptide fractionation methods.
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3 Studies on identification and quantification impr ovement

In proteomic approaches

3.1 Cell fractionation - an important tool for comp artment pro-
teomics
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Abstract

In order to maximize coverage in proteome studiesjccessful approach is the fractionation
of cellular compartments. For providing evidencetfe most reliable and efficient separation
technique, we compared four different proceduresdbcellular fractionation of Jurkat cells.
The analysis of fractions by LTQ-Orbitrap yieldestween 559 and 1195 unambiguously
identified unigue proteins. The assumed corredlipation of the proteins was defined using
Scaffold3 according to GO annotations, with thenkgj reliability (~80%) for the cytoplas-
mic fraction and the lowest (~20%) for the cytoskal fraction. This comparison revealed
evidence for the efficiency of separating subcalifitactions and will thereby facilitate the
decision on which procedure might be the best matehspecific research question and con-
tribute to the emerging field of compartment probecs.
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Subcellular compartments; Cellular fractionatiomtin localization; Mass spectrometry.
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ABSTRACT

In order to maximize coverage in proteome studies, a successful approach is the fractionation of cellular compartments. For providing evi-
dence for the most reliable and efficient separation technique, we compared four different procedures for subcellular fractionation of Jurkat
cells. The analysis of fractions by LTQ-Orbitrap yielded between 559 and 1195 unambiguously identified unique proteins. The assumed correct
localization of the proteins was defined using Scaffold3 according to GO annotations, with the highest reliability (~80%) for the cytoplasmic
fraction and the lowest (~20%) for the cytoskeletal fraction. This comparison revealed evidence for the efficiency of separating subcellular
fractions and will thereby facilitate the decision on which procedure might be the best match to a specific research question and contribute to

the emerging field of compartment proteomics.

Keywords: Subcellular compartments; Cellular fractionation; Protein localization; Mass spectrometry.

1. Introduction

In proteomics it is desired to obtain the largest possible
coverage of the proteome of interest and especially to detect
proteins of mediate or even minor abundance, too [1]. Beside
the development of more and more sensitive mass spec-
trometers the most frequently applied approach for increased
proteome coverage lies in the fractionation of the sample
prior to analysis. This can be performed on the levels of sub-
cellular compartments [2-4], proteins or peptides [5, 6] or a
combination of different approaches [7]. The biologically
most meaningful way is to separate subcellular compartments
in order to preserve the linkage of proteins with the com-
partment in which they exert their activity. In many cases the
biological relevance of a protein is closely linked to specific
compartments and thereby it’s influence on the whole pheno-
type of a cell.

Hence a great variety of methods for separating the subcel-
lular compartments and subsequent proteome analysis have
been developed (for review see [8]). Beside the coverage of
the proteome, in praxis the hands-on time plays an important
role for deciding in favor of a specific technique. Other crite-
ria are reproducibility and in a few cases also high throughput

capacity.

A well-established technique for separation of organelles is
solely based on two different types of centrifugation, density
velocity and density gradient centrifugation making use of
differences in sedimentation coefficients and densities. With
endpoint centrifugation, the membrane fraction of a broken
cell can be obtained, regardless of the origin of the membrane
[8]. Pellets resulting from a centrifugation scheme will stem
mainly from the cytoplasmic membrane and only to lower
percentages from organelles. A further sub-fraction that can
be highly enriched by centrifugation contains the nuclei [9].
Due to their similarity in size but differences in density the
remaining organelles like mitochondria, microsomes and
lysosomes are often separated by density gradient centrifuga-
tion [10-12]. The centrifugation steps can be performed in
buffers preserving protein structure and that are compatible
with proteomic techniques like 2D-gel electrophoresis or LC-
MS shotgun proteomics [8]. In summary, centrifugation
schemes can be seen as recommended for enrichment of nu-
clei and membranes or for specific organelles like mitochon-
dria, lysosomes and microsomes. Unfortunately, due to the
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nature of centrifugation, it is also time consuming and pre-
vents high throughput.

In a more chemical orientated approach one can use a se-
quence of detergents with increasing solubilisation efficiency.
Thereby a detergent like digitonin will be used to extract cy-
toplasmic proteins from a cell extract. The subsequent cen-
trifugation will yield a highly enriched fraction of cytoplasmic
proteins in the supernatant, whereas proteins from the pellet
will be extracted by a stronger detergent like Triton X-100
[13]. There is a great variety in the sequence and choice of
detergents described in other studies [14, 15]. Regrettably,
this approach suffers from the wide variety of proteins and
their interactions in turn leading to a modest specificity of
extraction steps for subcellular compartments. Nevertheless,
there are also some biologically highly relevant subcellular
compartments like the proteome of the lipid rafts that can be
extracted with high specificity [16].

In order to obtain high specificity and reproducibility while
being cost- and time efficient, various combinations of physi-
cal and chemical methods using centrifugation and deter-
gents have been developed. In addition, many protocols have
been designed that lack ultracentrifugation and can be per-
formed in volumes that are suitable for most widely distribut-
ed bench-top centrifuges, thereby increasing the high
throughput capacity significantly.

Here we focused on the comparison of four different meth-
ods ranging from a rather simple separation into a soluble,
mostly cytoplasmic fraction and an insoluble, mainly mem-
branous fraction up to separation schemes leading to more
than five different fractions. For three separations commer-
cially available kits from Fermentas (ProteoJet Membrane
extraction kit), Qiagen (Qproteome Cell Compartment Kit
[17]) and Pierce (Subcellular Protein Fractionation Kit) were
used. A fourth procedure was adapted from literature [18].
Hence we provide evidence for the decision on the most suit-
able separation for different purposes. It is noteworthy that
the results might be cell line or tissue specific, so this has to
be tested for the sample of choice. Here we focused on Jurkat
cells, which serve as a cellular model for T helper-cells. They
mimic important changes that also occur in native T-helper
cells once they become stimulated. These processes lead to
differential protein expression which has consequences in the
cytoplasm, the nucleus and also in the membrane compart-
ment.

With the development of shotgun mass spectrometry and
data bases with predictions and reports on the subcellular
distribution of proteins, a fast and reliable tool became avail-
able for testing the efficiency of the separation procedures.
Again, in order to achieve optimal coverage and high repro-
ducibility, a subfractionation was applied. The obtained frac-
tions were applied to a SDS-gel and after a short run each
lane was cut into three parts which were subjected to in-gel
digestion. Measurement of the peptides by modern mass
spectrometry revealed up to 670 proteins per fraction. For
validating the results of subcellular fractionation approaches
the number of several hundreds of proteins can be assumed

to be sufficient to obtain a representative data set and for
judging the success of the cellular fractionation.

In this study we provide evidence for the question which
separation technique is the most favorable for a specific re-
search question and approach. In addition to the achieved
proteome coverage of subcellular compartments there are
further requirements that need to be taken into account. For
a specific research topic it might be helpful to use a combina-
tion of methods. The comparisons conducted here will help
to facilitate proteomic research of subcellular compartments
and organelles.

2. Material and methods

2.1 Cell culture

Jurkat T cells (clone E6-1, TIB-152, LGC Promochem,
Wesel, Germany) were routinely maintained in RPMI-1640
medium (Biochrom AG., Berlin, Germany) containing 10%
fetal bovine serum (Biochrom AG., Berlin, Germany), 1% L-
Glutamine (Biochrom AG., Berlin, Germany), 1% streptomy-
cin (100 mg/ml) / penicillin (100 U/ml) (PAA, Pasching,
Austria) at an atmosphere of 5% CO,, 95% humidity at 37 °C
in a CO; incubator (MCO-18AIC, Sanyo Electric Co Ltd,
Gunma-ken, Japan). Jurkat cells were cultured at 1 x 10° cells
per ml medium. Cell viability and cell numbers were record-
ed by trypan blue exclusion.

2.2 Cell lysis and fractionation

All steps of the different fractionation methods were per-
formed on ice using pre-chilled solutions unless noted other-
wise. Centrifugation and incubation were carried out at 4 °C.
If the composition of a buffer is not given, no further infor-
mation was provided by the supplier. All fractions obtained
were stored at -20 °C until further use. The fractionations
were performed at least three times per method and the pro-
tein estimations were carried out in triplicates.

Method 1 (see also Fig. 1): Buffer 2 and 3 were supplemented
with protease inhibitor solution (Roche, Mannheim, Germa-
ny) before use. Jurkat cells (5 x 10°) were pelleted for 5 min at
250 x g and washed twice with 3 ml and 1.5 ml buffer 1, re-
spectively. The cell pellet was resuspended in 1.5 ml buffer 2
by vortexing. The suspension was incubated for 10 min while
continuously rocking. After 15min centrifugation at
16,000 x g the supernatant 1 contained the cytosolic proteins.
The pellet 1 was solved in 1 ml buffer 3 and the mixture was
incubated for 30 min shaking at 1400 rpm in a thermomixer
(Eppendorf, Hamburg, Germany). The suspension was cen-
trifuged for 15 min at 16,000 xg. The supernatant2 con-
tained the membrane proteins, the cell debris containing
pellet 2 was discarded. The protein determination for both
fractions was carried out using the Bradford Quick Start Pro-
tein Assay according to the recommendations of the supplier
(Bio-Rad Laboratories GmbH, Miinchen, Germany).

Method 2 (see also Fig. 1): All buffers were supplemented
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Figure 1. Schematic workflow. All centrifugation and incubation steps of the four different fractionation methods are shown (rpm is given for

incubation in a thermomixer, x g for centrifugation).

with 1x protease inhibitor solution and 1 mM DTT directly
before use. Jurkat cells (2 x 107) were washed twice with PBS
and pelleted for 5 min at 300 x g. The cell pellet was resus-
pended in 1 ml buffer 1 (250 mM sucrose, 50 mM Tris-HCI,
5 mM MgCl,) and cell lysis was performed by sonication on
ice (3 times 10 s bursts with intensity ~40% and 30 s breaks).
The suspension was centrifuged at 800 x g for 15 min and the
pellet 1 was saved to isolate nuclei. The supernatant 1 was
centrifuged again at 1,000 x g for 15 min. The obtained su-
pernatant 2 was saved to isolate the cytosolic proteins, where-
as pellet 2 was discarded.

The pellet 1 saved for isolation of the nuclei was dissolved
in 1 ml buffer 1 and centrifuged at 1,000 x g for 15 min. The
obtained supernatant 3 was added to the supernatant 2 for
isolating cytosolic proteins and stored on ice until later. The
pellet 3 was resuspended in Iml buffer 2a (1 M sucrose,
50 mM Tris-HCI, 5 mM MgCl,) and layered onto a 3 ml
cushion of buffer 2b (2 M sucrose, 50 mM Tris-HCI, 5 mM
MgCL). Afterwards centrifugation at 2,100 xg for 1 h was
carried out. The pellet 4 was taken up in 500 ul buffer 4 (20
mM HEPES (pH 7.9), 1.5 mM MgCl,, 0.5 M NaCl, 0.2 mM
EDTA, 20% glycerol, 1% Triton X-100) and incubated 1h
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shaking at 1400 rpm and 4 °C in a thermomixer. Afterwards
the suspension was sonicated again on ice (3 times 10 s bursts
with intensity of ~40% and 30 s breaks) and centrifuged at
9,000 x g for 30 min. The supernatant 5 contained the nuclear
proteins.

The pooled supernatants 2 and 3 were centrifuged for 1 h at
100,000 x g in an ultracentrifuge. The supernatant6 con-
tained the cytosolic proteins. The pellet 6 was solved in 0.5 ml
buffer 3 (20 mM Tris-HCI, 0.4 M NaCl, 15% glycerol, 1.5%
Triton X-100), incubated 1 h shaking at 1400 rpm and 4 °C
and centrifuged at 9,000 x g for 30 min. The supernatant 7
contained the membrane proteins. The Lowry-DC-Protein
Assay (Bio-Rad Laboratories GmbH) was used to determine
the protein content of all fractions obtained with method 2.

Method 3 (see also Fig. 1): All buffers were supplemented
with protease inhibitor solution before use. Jurkat cells
(5x10°) in a 1.5 ml reaction tube were pelleted for 5 min at
380 x g and washed twice with 1 ml PBS. The cell pellet was
mixed with 1 ml buffer 1 and incubated for 10 min on an
end-over-end shaker. The lysate was centrifuged at 1,000x g
for 10 min. The supernatant 1 contained the cytosolic pro-
teins. The pellet 1 was resuspended in 1 ml buffer 2 and incu-
bated for 30 min on an end-over-end shaker and centrifuged
at 6,000 x g for 10 min. The newly gained supernatant 2 con-
tained primarily membrane proteins. The pellet 2 was mixed
with 20 ul distilled water containing 35% benzonase by gently
flicking the bottom of the tube. After 15 min incubation at
room temperature 0.5 ml buffer 3 was added and the suspen-
sion incubated for 10 min on an end-over-end shaker. The
insoluble material was pelleted by centrifugation at 6,800 x g
for 10 min. The supernatant 3 contained the nuclear proteins.
The pellet 3 contained primarily cytoskeletal proteins and
was resuspended in 250 pl room temperatured buffer 4. The
protein content of all fractions was determined using the
BCA Protein Assay Macro Kit (SERVA Electrophoresis
GmbH, Heidelberg, Germany).

Method 4 (see also Fig. 1): All buffers were supplemented
with protease inhibitor solution before use. Jurkat cells
(1x107) were washed with PBS and pelleted for 3 min at
500 x g in 1.5 ml reaction tubes. The cell pellet was solved in
1 ml buffer 1 and incubated for 10 min on an end-over-end
shaker. The lysate was centrifuged at 500 x g for 5 min. The
supernatant 1 contained the cytosolic proteins. The pellet 1
was mixed with 1 ml buffer 2, vortexed and incubated for
10 min on an end-over-end shaker. After centrifugation at
3,000 x g for 5min, the obtained supernatant2 contained
primarily membrane proteins. The pellet 2 was dissolved in
0.5 ml buffer 3, vortexed and incubated for 30 min on an end-
over-end shaker. Following centrifugation at 5,000x g for
5 min the supernatant 3 contained soluble nuclear proteins.
Buffer 4 was used at room temperature and prepared by add-
ing 25 pl of 100 mM CaCl, and 15 ul of micrococcal nuclease
to 0.5 ml buffer 3. 0.5 ml buffer 4 was added to the cell pel-
let 3, vortexed and incubated for 15 min at room tempera-

ture. The mixture was vortexed 15s and centrifuged at
16,000 x g for 5 min. The supernatant 4 contained chromatin-
bound nuclear proteins. The pellet 4 was resuspended with
0.5 ml buffer 5, vortexed and incubated for 10 min at room
temperature. After centrifugation at 16,000 x g for 5 min the
supernatant 5 contained the cytoskeletal proteins. The pro-
tein content of all fractions was determined using the BCA
Protein Assay Macro Kit following the manufacturer’s in-
structions (SERVA Electrophoresis GmbH, Heidelberg, Ger-
many).

2.3 1D-gel electrophoresis

20 pg protein of each fraction were precipitated 15 min at -
20 °C by addition of a 5-fold volume of ice cold acetone. The
precipitates were centrifuged at 16,000xg and 4°C for
10 min and the supernatant was discarded. The dried pellets
were dissolved in SDS-sample-buffer (62.5 mM Tris-HCl (pH
6,8), 10% glycerol, 2% SDS, 5% mercaptoethanol, 0.05% bro-
mophenol blue) and separated by SDS-PAGE on a 4% stack-
ing gel and 12% separation gel run according to standard
laboratory procedures. For visual control of successful sepa-
ration the gels were stained with Coomassie Brilliant Blue
G250 after electrophoresis. For protein analysis and MS iden-
tification the proteins were allowed to enter only for about 2-
3 cm into the gel and cut into 3 gel slices per sample after
short staining with Coomassie solution.

2.4 Trypsin digestion and analysis by LC-MS/MS

The gel slices were destained with 50% methanol contain-
ing 5% acetic acid. After reduction with 10 mM DTT, pro-
teins were alkylated with 100 mM iodoacetamide and then
digested overnight at 37 °C using sequencing grade trypsin
(Roche Applied Science, Mannheim, Germany). All mem-
brane fraction containing gel slices were digested in a trypsin
solution containing 30% methanol (except method 4). The
resulting peptides were extracted two times from the gel with
5% formic acid and 50% acetonitrile. The combined extracts
were evaporated, the residual peptides were dissolved in 0.1%
FA and the solution was desalted by using C18-StageTips
(ZipTipC18, Millipore Corporation, Billerica, MA, USA).

A nano-HPLC system (nanoAquity, Waters, Milford, MA,
USA) coupled to a an LTQ Orbitrap XL mass spectrometer
(Thermo Fisher Scientific, San Jose, CA, USA) via a nano
electrospray ion source (TriVersa NanoMate, Advion, Ithaca,
NY, USA) was used for LC/MS/MS analysis. Chromatog-
raphy was performed with 0.1% formic acid in solvents A
(100% water) and B (100% acetonitrile). Samples were inject-
ed on a trapping column (nanoAquity UPLC column, C18,
180 pmx20 mm, 5 pm, Waters) and washed with 2% acetoni-
trile containing 0.1% formic acid and a flow rate of 15 pl/min
for 8 min. Peptides were separated on a C18 UPLC column
(nanoAcquity UPLC column, C18, 75 pmx100 mm, 1.7 um,
Waters). Peptide elution was conducted using a gradient
from 2-70% solvent B (0 min -2%; 5 min - 6%; 45 min -
20%; 70 min - 30%; 75 min - 40%; 80 min - 70%) with a flow
rate of 300 nl/min.
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Figure 2. 1D-gels showing the different subcellular fractions. For initial evaluation of the fractions obtained by the four different methods, 20
ug of each protein fraction were separated in a 12% SDS-Gel and stained with colloidal Coomassie. The marker is located on the left hand side

of each gel (nucleus-chrom. = chromatin-bound nuclear fraction).

Full scan MS spectra (from 400-1500 m/z, R = 60000) were
acquired in positive ion mode in the LTQ-Orbitrap.

Peptide ions exceeding an intensity of 3000 were chosen for
collision induced dissociation within the linear ion trap (iso-
lation width 4 m/z, normalized collision energy35, activation
time 30 ms, activation q=0.25). For MS/MS acquisition, a
dynamic precursor exclusion of 2 min was applied.

2.5 Data analysis of the mass spectrometric results

MS/MS samples were analyzed by Proteome Discoverer
(version 1.0; Thermo Fisher Scientific, San Jose, CA, USA)
using the MASCOT search algorithm (version 2.2.06; Matrix
Science, London, UK) [19]. Mascot was set up to search a
reverse concatenated database of all human proteins annotat-
ed in the SwissProt database (version 10/07/2010) assuming
the digestion enzyme trypsin. Mascot was searched with a
fragment ion mass tolerance of 0.5 Da and a parent ion toler-
ance of 5 ppm. Carbamidomethylation of cysteine was speci-
fied as a fixed modification. Oxidation of methionine and
acetylation of the protein n-terminus were specified as varia-
ble modifications.

Scaffold 3 (version Scaffold 3_00_03, Proteome Software
Inc., Portland, OR, USA) was used to validate MS/MS based
peptide and protein identifications. Peptide identifications
were accepted if they exceeded specific database search en-
gine thresholds. Mascot identifications required at least ion
minus identity scores of greater than -5 and ion scores of
greater than 15. Protein identifications were accepted if they
contained at least 2 identified peptides. Proteins that con-
tained similar peptides and could not be differentiated based
on MS/MS analysis alone were grouped to satisfy the princi-
ples of parsimony. False discovery rate of proteins was de-
termined to be lower than 0.2% for all samples. Gene
ontology annotations were obtained from the EBI GO data-
base (www.ebi.ac.uk/GOA/, version 10/08/2010).

3. Results and Discussion

3.1 Fractionation of Jurkat cells

The workflow of the four different methods used to frac-
tionate Jurkat cells into several cellular compartments is
shown schematically in Fig. 1. In method 1, 3 and 4 commer-
cially available kits were used, whereas method 2 uses an
adapted protocol from Nature Protocols [18]. All methods
rely on cell lysis through sequential addition of different buff-
ers to the cell pellets followed by incubation and centrifuga-
tion at different speeds. In method2 sonication is
additionally used to lyse the cells. From method 1 only two
different fractions, cytosol and membrane, were obtained. In
addition to the three fractions prepared with method2 -
cytosol, membrane and nucleus, a fourth cytoskeletal fraction
can be separated with method 3. With method 4 even five
different subcellular fractions can be isolated: cytosol, mem-
brane, cytoskeleton, with the nuclear fraction further split
into soluble and chromatin-bound nuclear fraction. Meth-
od 1 is least time consuming, with about 1.5 hours needed for
the fractionation. In approximately 2 hours a fractionation
with method 3 or 4 is completed. With at least 3.5 hours of
work method 2 is the longest protocol of all four. In addition,
method 2 is the most complicated protocol because there are
two lines of work steps which have to be performed in paral-
lel while all other methods require only one straight work-
flow. Moreover, an ultracentrifuge with acceleration up to
100,000 x g is needed for method 2, while a normal table-top
centrifuge with up to 16,000 x g is sufficient for all other
methods used. Nevertheless, all buffers for method 2 can be
prepared in the lab and no expensive kit is needed and the
largest number of protein identifications was obtained.

The total amount of obtained protein differed for the vari-
ous methods (Tab. 1) from 0.78 mg to 3 mg per 1 x 107 cells,
ranging between 0.5 and 1.57 mg for the cytoplasmic fraction
and 0.08 to 0.92 mg for the nuclear fraction. This shows that

135-143:139



Maxie Rockstroh et al.,, 2010 | Journal of Integrated Omics

Table 1. Protein amounts obtained per 1 x 107 cells in each fraction.

Amount of protein obtained per 107 cells [mg]

Method
) 1 2 3 4
Fraction

Cytosol 0.705 0.495 0.496 1.571
Membrane 0.630 0.208 0.135 0.362
Nucleus - 0.079 0.183 -
Nucleus - soluble - - - 0.520
Nucleus - chromatin- B ~ ~ 0.401
bound
Cytoskeleton - - 0.044 0.148
Total amount of 1335 0.782 0858  3.002

protein

there is a rather wide variance in efficiency of the protein
isolation. This should also to be taken into account when
choosing the fractionation method combinable with the pro-
tein detection method used afterwards.

3.2 1D-gel electrophoresis

A first overview of the successful protein separation by the
different fractionation methods was obtained by SDS-PAGE.
All fractions gained using one method show clearly different
band patterns, whereas the same subcellular fractions from
different methods have some resemblance in their protein
patterns (Fig. 2).

All cytosolic fractions show a comparable band pattern (e.g.
five strong bands, of which one is at ~90 kDa, one slightly
above 50kDa, two between 40 and 50 kDa and one at
~38 kDa). Likewise the membrane fractions of method 1, 3
and 4 have a similar band pattern showing a more distinct
band at approximately 60 kDa, whereas the separated mem-
brane proteins of method 2 seem to run at slightly different
heights. The nuclear fraction from method 2 has as well only
partial similarities to the nuclear fractions of methods 3 and
4. The nuclear fraction from method 3 and the nuclear chro-
matin-bound fraction from method 4 show both two very
prominent bands at ~15 and ~30 kDa. These bands are likely
to represent histones. The soluble nuclear fraction from
method 4 shares a stronger band at ~45 kDa with the nuclear
fraction from method 3. As this band is also present in the
chromatin-bound fraction, this protein might either be only
loosely bound to the chromatin, or, more likely, is not com-
pletely separated from the chromatin-bound fraction.

3.3 Identification of proteins

The MS/MS data were analyzed by Proteome Discoverer
using the MASCOT search algorithm. The MS/MS based
peptide and protein identifications were validated by Scaf-

Table 2. Number of proteins identified in the subcellular frac-

tions.
Method @ proteins
. 1 2 3 4 identified /
Fraction method
Cytosol 414 657 599 620 573
Membrane 249 458 352 523 396
Nucleus - 603 258 - 431
Nucleus - soluble - - - 670 670
Nucleus - chroma-
) - - - 370 370
tin-bound
Cytoskeleton - - 618 64 341
Total number of 123 112
o ) 559 1195 1028
identified proteins 1 6

fold 3. For evaluation of method 4 the two nuclear fractions
were combined.

In the cytosolic fractions an average of 573 proteins was
identified by all methods (Tab. 2). In the membrane fraction
the amount of identified proteins varies a lot between the
different methods. With method 1 only 249 proteins were
found, whereas 523 proteins were identified with method 4.
With method 2 more than the double amount of proteins
(603) could be identified in the nucleus compared to meth-
od 3 (258). The two different nuclear fractions, soluble and
chromatin-bound, obtained with method 4 yielded in 670
and 370 identified proteins, respectively, leading to 750 iden-
tified proteins for the nucleus in total (Fig. 3). The amount of
cytoskeletal proteins identified with method 3 and 4 ranges
from 64 proteins identified with method 4 and up to 618 with
method 3. The total numbers of identified proteins were in
the same range (between 1126 and 1231) for method 2, 3 and
4 while for method 1 only 559 proteins could be identified in
total. Altogether, only the amount of identified proteins in
the cytoplasmic and the membrane fractions are comparable
within all methods. All methods differ significantly in the
amount of proteins identified per fraction as well as in the
amount of protein isolated in total.

3.4 Enrichment factor of different fractionation methods

To get a deeper insight into how efficiently each fractiona-
tion method worked out, the overlap and intersections in
cytosolic, membrane and nuclear fraction were determined
and plotted in venn diagrams (Fig. 3). For this aim the two
nuclear fractions of method 4, soluble and chromatin-bound,
were combined. The most proteins identified in two overlap-
ping fractions were found in cytosol and membrane for
method 1 and 3, whereas method 2 and 4 show the biggest
overlap in the membrane and nuclear fraction.

Disregarding method 1, because it only yielded two frac-
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Figure 3. Overlap of proteins identified in the different subcellular
fractions. For each of the fractionation methods used, a venn dia-
gram was generated showing the overlap of the proteins identified in
more than one fraction.

tions, the most proteins identified in only one fraction could
be found with method 3 (80%). 68% of the identified proteins
were found in only one fraction with method 2. Method 4
showed the smallest part of proteins identified in only one
fraction (54%), while 46% of the identified proteins in this
method were found in two or three of the fractions.

In this experiment Gene Ontology (GO) annotations were
used by the evaluation program Scaffold 3 to analyze the sub-
cellular localization of each protein identified in the samples.
If the proteins identified in one fraction were supposed to be
in that fraction according to the GO annotations, they were
counted as proteins isolated in the ‘correct’ fraction. To com-
pare how efficient each of the four fractionation methods
fractionated the cells, the number of properly isolated pro-
teins in each fraction was calculated. The percentage of the
correctly separated proteins out of the total number of identi-
fied proteins in each fraction was calculated, too (Fig. 4). The
cytosolic fraction was among all four methods the fraction
with the most accurately isolated proteins (between 357 and
657 proteins) and comparable percentages about 80%. Be-
tween ~30 and 42% of the proteins found in the different
membrane fractions where isolated correctly, leading to 74 till
188 isolated proteins in the ‘correct’ fraction in total. For the
nuclear fraction 230 up to 345 nuclear proteins could be iden-
tified. The percentage of correct nuclear proteins from meth-
od 3 was very high with 90%, whereas method 4 showed a
high amount of properly isolated proteins because of its two
different nuclear fractions. Taking a closer look at transcrip-
tion factors, there were 12 different ones detected using
method 1 and 27 to 32 using method 2 to 4. With method 3
more appropriately isolated cytoskeletal proteins could be
identified than with method 4, but the percentage is very low

for both methods. The high false positive rate is likely due to
the solubilisation of most of the proteins of the last cell
pellet, where surely proteins of not completely dissolved
membranes or other cellular compartments were inside.

3.5 Discrepancies between the predictions of the evaluation
program and the measurements

The Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is a highly abundant protein, which accounts for
10 to 20% of the total cellular protein. It is commonly known
as a glycolytic enzyme located in the cytoplasm with a key
role in energy production [20]. By intensive research it be-
came obvious that the GAPDH is in reality a multifunctional
protein with diverse subcellular localizations in mammalian
cells. The GAPDH can be found in the membrane, where it
promotes endocytosis and membrane fusion and therefore
vesicular secretory transport [21, 22]. Furthermore GAPDH
is involved in the nuclear transport of RNA [23] and has the
ability to activate the transcription in neurons [24]. Other
functions in the nucleus are the assistance in DNA replication
and DNA repair [25]. Due to the modulation of the cyto-
skeleton GAPDH can also be found in the cytoskeletal frac-
tion [26, 27]. Thus the GAPDH can have not only a cytosolic,
but also a membrane, nuclear and/or cytoskeletal localization.

According to the GO annotations the GAPDH is located
only in the cytoplasm and membrane. This is contradictory to
the various localizations described by the literature. In this
experiment the GAPDH was found in all fractions obtained
with method 2 and 4. With method 3 the enzyme was identi-
fied in the cytoplasmic, membrane and cytoskeletal fraction.
For all of these three methods the localization in nucleus and

81%

79%
80%

5001

86%

4001

3001

2004

1004

no. of identified proteins
in the correct fraction

Figure 4. Evaluation of protein localization. For determination of
the specificity of each method, the detected proteins in all fractions
were analyzed in respect to their assumed localization according to
GO terms using Scaffold 3. The bar chart shows the number of pro-
teins identified in each fraction, which were expected to be in that
cellular subfraction following Scaffold 3/GO annotations. On top of
each bar the percentage of ‘correctly’” isolated proteins in the frac-
tions is given (Method 1 = white bars, Method 2 = light grey bars;
Method 3 = dark grey bars; Method 4 = black bars).
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cytoskeletal fraction was validated as incorrect because of the
incomplete GO annotations. So the GO annotations can only
be used to get an overview of the subcellular localizations of a
large dataset of proteins. If the localization of a distinct pro-
tein is of interest, then a literature search has to be made ad-
ditionally.

3.6. Potential use of membrane proteins as markers for activa-
tion of Jurkat cells

Subcellular fractionation is an ideal tool to enrich and ana-
lyze different cellular compartments and low abundant pro-
teins [28]. Due to the fractionation of the cells the less
frequent membrane proteins, which otherwise are often cov-
ered by the numerous cytosolic proteins in MS measurement,
can be identified and analyzed too. Surface proteins in the
membrane are especially important for lymphocytes as they
are needed for the recognition of antigens and cytokines and
activation of other cells. Some of these surface proteins can be
used as markers in the evaluation for different purposes. Ac-
tivated lymphocytes express membrane proteins like CD25,
CD69, CD71, and HLA-DR [29-32] which are absent or ex-
pressed only in low amounts on resting cells. These proteins
are used as activation markers [33]. Similarly a number of
known surface proteins like CD2, CD3 and CD5 were identi-
fied in the membrane fractions analyzed. In particular for
CD2 and CD3 it is long known that they are involved in
transmembrane signaling [34]. Despite the known marker,
the analysis of the enriched membrane proteins gained by the
subcellular fractionation could furthermore lead to the iden-
tification of new activation markers, when comparing the
membrane proteome of resting and activated cells. Addition-
ally, the identification and subcellular assignment of previ-
ously unknown proteins is conceivable. Newly identified
membrane proteins may also be used to distinguish between
the various T helper cell subpopulations and therefore assist
in the process of revealing the different roles of T helper sub-
sets.

4. Concluding remarks

The direct comparison between different methods allows
an evidence-based decision on the method of choice for a
specific research question. For some studies the mere separa-
tion of cytosolic and membrane proteins will be sufficient to
perform subsequent analysis. Like for Western blotting
method one provides a time-efficient solution of enrichment
of certain proteins. When the analysis of the membrane frac-
tion is of special interest the methods 2 or 4 might be favora-
ble. If in the same instance also information about proteins
with a nuclear localization it seems advisable to use method 4.
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Abstract

Proteins with molecular weights of <25 kDa are imed in major biological processes such
as ribosome formation, stress adaption (e.g., testyre reduction) and cell cycle control.
Despite their importance, the coverage of smalletgins in standard proteome studies is
rather sparse. Here we investigated biochemicahaasbs spectrometric parameters that influ-
ence coverage and validity of identification. Thelerrepresentation of low molecular weight
(LMW) proteins may be attributed to the low numbefproteolytic peptides formed by tryp-
tic digestion as well as their tendency to be lwstprotein separation and concentra-
tion/desalting procedures. In a systematic invasitig of the LMW proteome dEscherichia
coli, a total of 455 LMW proteins (27% of the 1672dtin the SwissProt protein database)
were identified, corresponding to a coverage of G#%he known cytosolic LMW proteins.
Of these proteins, 93 had not yet been functioneligsified, and five had not previously
been confirmed at the protein level. In this stuthg influences of protein extraction (either
urea or TFA), proteolytic digestion (solely, an@ ttombined usage of trypsin and AspN as
endoproteases) and protein separation (gel- orgethased) were investigated. Compared to
the standard procedure based solely on the useeaflysis buffer, ingel separation and tryp-
tic digestion, the complementary use of TFA foragtion or endoprotease AspN for proteol-
ysis permits the identification of an extra 72 (328ad 51 proteins (23%), respectively. Re-
garding mass spectrometry analysis with an LTQ t@pimass spectrometer, collisionin-
duced fragmentation (CID and HCD) and electrondi@ndissociation using the linear ion
trap (IT) or the Orbitrap as the analyzer were careg. IT-CID was found to yield the best
identification rate, whereas IT-ETD provided almasimparable results in terms of LMW
proteome coverage. The high overlap between theeipsidentified with IT-CID and IT-
ETD allowed the validation of 75% of the identifiptbteins using this orthogonal fragmenta-
tion technique. Furthermore, a new approach touatialg and improving the completeness of
protein databases that utilizes the program RNAeeaeintroduced and examined.
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Abstract Proteins with molecular weights of <25 kDa are
involved in major biological processes such as ribosome
formation, stress adaption (e.g., temperature reduction) and
cell cycle control. Despite their importance, the coverage of
smaller proteins in standard proteome studies is rather
sparse. Here we investigated biochemical and mass spec-
trometric parameters that influence coverage and validity of
identification. The underrepresentation of low molecular
weight (LMW) proteins may be attributed to the low
numbers of proteolytic peptides formed by tryptic digestion
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as well as their tendency to be lost in protein separation and
concentration/desalting procedures. In a systematic investi-
gation of the LMW proteome of Escherichia coli, a total of
455 LMW proteins (27% of the 1672 listed in the
SwissProt protein database) were identified, corresponding
to a coverage of 62% of the known cytosolic LMW
proteins. Of these proteins, 93 had not yet been functionally
classified, and five had not previously been confirmed at
the protein level. In this study, the influences of protein
extraction (either urea or TFA), proteolytic digestion
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(solely, and the combined usage of trypsin and AspN as
endoproteases) and protein separation (gel- or non-gel-
based) were investigated. Compared to the standard
procedure based solely on the use of urea lysis buffer, in-
gel separation and tryptic digestion, the complementary use
of TFA for extraction or endoprotease AspN for proteolysis
permits the identification of an extra 72 (32%) and 51
proteins (23%), respectively. Regarding mass spectrometry
analysis with an LTQ Orbitrap mass spectrometer, collision-
induced fragmentation (CID and HCD) and electron
transfer dissociation using the linear ion trap (IT) or the
Orbitrap as the analyzer were compared. [T-CID was found
to yield the best identification rate, whereas IT-ETD
provided almost comparable results in terms of LMW
proteome coverage. The high overlap between the proteins
identified with IT-CID and IT-ETD allowed the validation
of 75% of the identified proteins using this orthogonal
fragmentation technique. Furthermore, a new approach to
evaluating and improving the completeness of protein
databases that utilizes the program RNAcode was intro-
duced and examined.

Keywords LTQ Orbitrap - Nano-HPLC - Nano-ESI-MS -
MS - Proteomics - Low molecular weight proteome -
Escherichia coli

Abbreviations

LMW Low molecular weight (below 25 kDa)

CID Collision-induced dissociation

ET(ca)D Electron transfer (collision activation)
dissociation

FDR False discovery rate

FTICR MS  Fourier transform ion cyclotron

resonance mass spectrometry
GO Gene Ontology

HCD Beam-type collision-activated dissociation
LB medium Lysogeny broth medium

ORF Open reading frame

Introduction

Escherichia coli (E. coli) is a Gram-negative bacterium of
the family Enterobacteriacae. It is relatively easy to
cultivate, fast growing, and allows for feasible genetic
manipulation. Due to these characteristics, E. coli is
omnipresent in molecular biology, biotechnology and gene
technology, and it is one of the most intensively studied and
best-characterized prokaryotes. Sequencing and analysis of
the 4.6 Mb chromosome of the laboratory strain E. coli K12
coding for 4411 protein-coding genes was completed in
1997 [1].

@ Springer

In the last two decades, the E. coli proteome has been
extensively analyzed by 2D gel electrophoresis (2D-GE)
initially and then via LC/MS approaches. Besides inves-
tigations of numerous biological questions, the E. coli
proteome has also been used to validate new technologies
and methodologies, including sample prefractionation,
protein enrichment and separation by 2D-GE or n-
dimensional chromatography, and protein identification
and quantification by MS [2].

The first proteome study was conducted using 2D-GE
and resulted in the identification of 381 proteins [3]. By
combining 2D-DIGE with biochemical prefractionation and
the analysis of stationary and exponential growth phases, it
was possible to detect and quantify 3199 protein species,
among which 575 unique proteins could be identified [4].
In several gel-free approaches using n-dimensional LC for
protein [5] or peptide separation [6-9], the number of
proteins was successively increased further (Table 1). Most
recently, in 2010, Iwasaki and coworkers used 1D-LC/MS/
MS with a 350 cm long monolithic silica—C;g capillary
column and 41 h of LC gradient time to identify 2602
proteins [10]. However, even with all of these different
methods, the identification rate for LMW proteins of <25
kDa listed in the SwissProt protein database is usually
below 25%, and is significantly lower than the average
identification rate (Table 1).

Proteins that are essential in numerous biological
functions, especially ribosome formation (e.g., 18 30S
ribosomal protein subunits, 34 50S ribosomal protein
subunits), transcription regulation, and stress response (cold
shock proteins, universal stress proteins) are of LMW.
Coverage of those functional proteins in proteomic studies
is of great interest in systems biology in order to gain an in-
depth understanding of the reactions of bacteria to external
stresses [11], adaption to different substrates, and interde-
pendencies in microbial bacterial communities in the new
field of metaproteomics [12]. Furthermore, over 500 LMW
proteins of E. coli are still classified as “functionally
uncharacterized” according to the latest GO annotation
database [13]. This number is astonishingly high given the
limited genome of E. coli and the high feasibility of this
organism for culturing and genomic manipulation.

Another challenge is the de novo annotation of open
reading frames (ORF) coding for small proteins on a
genome-wide scale. In the past, computational gene-finding
approaches excluded short ORFs with less than 40 or 50
amino acids. For such short ORFs, typical statistical signals
in the sequence (ORF length and codon usage) are very
weak, resulting in a high false-discovery rate (FDR). Thus,
using standard methods with less stringent filters leads to
the prediction of thousands of small ORFs, most of which
are not likely to be translated [14]. The methods of choice
to verify the existence of these small proteins are LC/MS
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Table 1 Summary of total and LMW proteins detected in previous studies based on at least * four peptides, ® two peptides, and “one peptide per

protein
Study Method LMW Complete LMW (%) Complete Reference
proteome proteome (%)

Lopez-Campistrous et al. (2005) 2D-PAGE after prefractionation in 164 575 10 13 [4]
periplasm, inner membrane, and
outer membrane

Geveart et al. (2002) Diagonal 2D-LC-MS of methionine- 187° 872° 11 20 [6]
containing peptides

Corbin et al. (2003) ID-LC-MS with and w/o membrane 218%-331° 404°-1147° 13°21° 26 [7]
fractionation (4 h per run)

Taoka et al. (2004) 2D-LC-MS (16 h per run) 401 1480 24 34 [8]

Ishihama et al. (2008) More than 200 2D-LC-MS measurements 341 1103 20 25 [9]
after 1D-gel protein prefractionation

Iwasaki et al. (2010) LC-MS with a 3.5 m non-commercially 737°-820°  2404°— 44°.49° 60 [10]
available monolithic column (41 h per run) 2602°

approaches. Since these experimental methods are cost and
time intensive, in silico methods are still required for
efficient genome annotation. Recently, we developed
RNAcode, a gene prediction program that uses the principle
of comparative genomics [15] to detect protein-coding
genes in multiple genome alignments [16]. Since RNAcode
is based on evolutionary signatures, it can detect statisti-
cally significant signals—even in short ORFs—as long as
sufficient phylogenetic information from related sequences
is available. The fact that RNAcode is not based on the
detection of complete ORFs also makes it applicable to
incomplete data, such as fragments of transcriptome studies
[17]. Thus, RNAcode fills a specific gap in the current
repertoire of protein annotation software. To further
investigate the applicability and power of RNAcode, we
systematically analyzed the LMW of E. coli and compared
these results with our proteome data.

The variation in the abundances of cytosolic proteins in
E. coli ranges from less than 200 to more than 10°
molecules per cell—in other words, more than six orders
of magnitude [9]. The low abundances of some proteins
certainly hamper their detection, and not all proteins will be
expressed at the same time. Aside from these biological
reasons for limited coverage, it has been discussed that
losses during protein extraction [18], separation and
purification [19], as well as the low number of detectable
proteotypic peptides formed by proteolysis [19] are respon-
sible for the low identification rate. Taking into account
recent improvements in the coverage of LMW proteins, the
best study achieved 49% coverage of LMW in E. coli
(Table 1). It is obvious that there is plenty of scope for
improvement. This can in principle be achieved by
separation, fractionation or the complementary usage of
multiple proteases, or on the LC/MS side. In order to get
information on which strategy to start with in this study,
key parameters associated with both prefractionation and

LC/MS were tested. With respect to prefractionation and
biochemical preprocessing, the following parameters were
assessed for their influence on coverage: (i) protein
extraction buffers, (ii) enrichment and separation, and (iii)
enzymatic proteolysis. In terms of LC/MS, the crucial steps
of (iv) the fragmentation procedure and (v) MS/MS data
analysis were varied and evaluated with respect to
identification rate, average sequence coverage, and valida-
tion of identifications.

Materials and methods
Cell culture

Cell lysates of E. coli strain K12 were analyzed to assess
critical parameters for LMW proteome analysis. Analyses
were performed in two (gel-based approach) and three
(non-gel-based approach) independent biological replicates.
Cells were grown in LB medium to stationary phase.
Therefore, 1 1 of fresh medium was inoculated with 100 ml
of a preparatory culture grown under the same conditions.
Cells were collected by centrifugation (10 min, 8,000xg,
4 °C).

Protein extraction and small protein enrichment

Cell pellets were resuspended in either urea lysis buffer
(40 ml, 8 M urea, 10 mM DTT, 1 M NaCl, 10 mM Tris/
HCIL, pH 8.0) [20] or acidic lysis buffer (40 ml, 0.1% TFA)
[21]. Cell disruption was performed by ultrasonification
(5 min, 50% duty cycle, Branson Sonifier 250, Emerson,
St. Louis, MO, USA). Undissolved material was removed
by centrifugation (15 min, 10,000xg, 4 °C). High molecular
weight proteins were depleted by centrifugation through a
filter membrane (molecular weight cut-off: 50 kDa, Pall

@ Springer
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Macrosep 50 K, Pall Life Science, Ann Arbor, MI, USA)
[22]. The permeate was split into aliquots of 1.2 ml. TFA
lysates were equilibrated to neutral pH with NH4CO;
(final concentration: 250 mM) and protein disulfide bonds
were reduced by adding DTT (final concentration:
10 mM). Cysteines were alkylated by the addition of
2-iodoacetamide (final concentration: 51.5 mM) to both
lysates and incubation for 45 min at room temperature in
the dark. Proteins were desalted and concentrated by TCA
precipitation (final concentration: 20% (w/v), incubation
at 4 °C for 16 h, centrifugation at 20,000xg for 20 min).

Protein separation and protein digestion

For the non-gel approach, one protein pellet of every
biological replicate was dissolved in 500 mM NH4HCO;
and the protein concentration was measured with a
Bradford assay (Bradford Quick Start, Bio-Rad, Hercules,
CA, USA) using bovine serum albumin for calibration.
Pellets were redissolved in 100 pl 1.6 M urea in NH4HCO;
(100 mM). Trypsin (modified porcine trypsin, Sigma-—
Aldrich, Steinheim, Germany) was dissolved in 50 mM
NH4HCOj; containing 10% acetonitrile to a concentration
of 125 ng/ul. Trypsin solution was added to the dissolved
protein pellets with a molecular weight ratio of 1:50
(trypsin:protein). Digestions were performed overnight at
37 °C and stopped by adding formic acid (final concentra-
tion: 4%). Digestion solutions were concentrated to 20 pL
using vacuum centrifugation and reconstituted by adding
40 uL 1% formic acid.

For the gel separation, protein pellets were redissolved
with SDS loading buffer (2% (w/v) SDS, 12% (w/v)
glycerol, 120 mM DTT, 0.0024% (w/v) bromophenol
blue, 70 mM Tris/HCl) and adjusted to neutral pH by
adding 10x cathode buffer solution (1 M Tris, 1 M
tricine, 1% (w/v) SDS, pH 8.25). GE was performed
according to a modified protocol of Schaegger [23]. In
brief, a 20% T, 6% C separation gel was used in
combination with a 4% T, 3% C stacking gel. A prestained
LMW protein standard (molecular weight range 1.7—
42 kDa, multicolor low-range protein ladder, Fermentas,
St. Leon-Rot, Germany) was applied as a molecular
weight marker. For each experiment, three lanes were
loaded with the LMW protein extract, among which one
was stained with colloidal Coomassie. Nine gel slices
from each of the two unstained lanes were excised in the
molecular weight range 1-25 kDa and used for in-gel
digestion.

The gel slices were washed twice with water for 10 min
and once with NH;HCO;5; (10 mM). In-gel digestion was
performed by adding modified porcine trypsin (100 ng,
Sigma—Aldrich) or endoproteinase AspN (100 ng, Sigma—
Aldrich) in NH;HCO3 (10 mM, 30 pl volume) to the slices.
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The digestions were performed overnight at 37 °C and
stopped afterwards by adding formic acid (final concentra-
tion: 4%). The supernatant and the two gel elution solutions
(first elution step: 40% (v/v) acetonitrile; second elution
step: 80% (v/v)) were collected and mixed. The combined
mixtures were dried using vacuum centrifugation. Peptides
were reconstituted in 0.1% formic acid.

Analysis with nano-HPLC/nano-ESI-LTQ Orbitrap MS

LC/MS/MS analysis was performed on a nano-HPLC
system (nanoAcquity, Waters, Milford, MA, USA) coupled
to an LTQ Orbitrap mass spectrometer. Chromatography
was conducted with 0.1% formic acid in solvents A (100%
water) and B (100% acetonitrile).

In-solution digestion samples were injected by the
autosampler and concentrated on a trapping column (nano-
Acquity UPLC column, C18, 180 umx2 cm, 5 um,
Waters) with water containing 0.1% formic acid at flow
rates of 15 puL/min. After 10 min, peptides were eluted onto
a separation column (nanoAcquity UPLC column, C18,
75 umx150 mm, 1.7 pum, Waters). Peptides were eluted
over 150 min with a 2-40% solvent B gradient (0 min, 2%;
3 min 2%;10 min, 6%;100 min, 20%; 150 min, 40%).

Scanning of eluted peptide ions was carried out in
positive ion mode between m/z 300 and 1500, automatically
switching to MS/MS mode for ions exceeding an intensity
of 3,000. Precursor ions were dynamically excluded for
MS/MS measurements for 3 min. Six runs with different
MS/MS measurements were performed per biological
sample. CID and ETD fragmentations were carried out
with ion detection in the ion trap or the Orbitrap in separate
runs. HCD fragmentations were detected in the Orbitrap.
Additionally, a method with a decision tree between CID
and ETD in the ion trap was performed.

In-gel digestion samples were injected and concentrated
on a trapping column in an identical manner to the analysis
of in-solution digestions. Peptides were eluted onto a
separation column (nanoAcquity UPLC column, CI18,
75 umx250 mm, 1.7 um, Waters) and separation was done
over 30 min with a 2-40% solvent B gradient (0 min, 2%;
2 min 8%; 20 min, 20%; 30 min, 40%). Scanning of eluted
peptide ions was carried out in positive ion mode in the
range m/z 350-2000, automatically switching to CID-MS/
MS mode for ions exceeding an intensity of 2,000. For
CID-MS/MS measurements, a dynamic precursor exclusion
of 3 min was applied.

Data analysis
Database searching was performed with Proteome Discov-

erer (version 1.0; Thermo Fisher Scientific, San Jose, CA,
USA) using the MASCOT (version 2.2; Matrix Science,
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London, UK) and SEQUEST (version 1.0.43.0; Thermo
Fisher Scientific) algorithms that search through a target
and decoy database containing all proteins of E. coli strain
K12 in the SwissProt protein database. In-gel digestions
with trypsin were searched with maximum of one missed
cleavage, while two missed cleavages were allowed for
in-gel digestion with AspN and in-solution digestions. For
trypsin C-terminal cleavage to arginine and lysine, and for
endoprotease AspN N-terminal cleavage to aspartic and
glutamic acid were considered. MS/MS spectra were
grouped with a precursor mass tolerance of 4.0 ppm and a
retention time tolerance of 5 min. MASCOT and
SEQUEST searched with a parent ion tolerance of
5.0 ppm. Fragment ion mass tolerances were specified as
0.5 Da when fragment ions were detected in the ion trap
and 0.05 Da when detection was performed in the Orbitrap.
Carbamidomethylation of cysteines was specified in MAS-
COT and SEQUEST as a fixed modification, and the
oxidation of methionine as a variable modification. Addi-
tionally, deamidations of asparagine and glutamine were
considered variable modifications for in-solution digestion
samples.

SCAFFOLD (version SCAFFOLD 2 06 01 pre3; Pro-
teome Software Inc., Portland, OR, USA) was used to
validate MS/MS-based peptide and protein identifications.
Peptide and protein identification parameters were adjusted
to a false-positive rate of lower than 5% using the target
and decoy database. False-positive rates were calculated as
described by Elias et al. [24]. Peptide identifications were
accepted if they could be established at a probability of
greater than 70.0% as specified by the Peptide Prophet
algorithm [25]. Peptide identifications were accepted by
exceeding specific database search engine thresholds.
MASCOT identifications required ion scores of greater
than 10.0. SEQUEST identifications required deltaCn
scores of greater than 0.10 and XCorr scores of greater
than 1.7, 2.0, and 2.3 for doubly, triply and quadruply
charged peptides. Protein identifications were accepted if
they could be established at greater than 95.0% probability
and contained at least two identified peptides. Protein
probabilities were assigned by the Protein Prophet algo-
rithm [26]. Proteins that contained similar peptides and
which could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony.
GO annotations were obtained with STRAP [27] from the
EBI GO database (http://www.ebi.ac.uk/GOA/, version
05/07/2010).

ProtStat: protein statistics and peptide predictions
The software ProtStat is an in-house tool programmed

with C# which calculates protein as well as proteolotytic
peptide properties. The program has three different modes:

protein pre-statistics, protein post-statistics and peptide
statistics.

For the protein statistics, various data can be obtained for
every protein, including molecular weight, protein se-
quence, GRAVY score, protein database ID, protein
description, and a calculation of the p/ value. p/ values
are calculated using the advanced algorithm suggested by
Kozlowski (http://isoelectric.ovh.org/) with a selectable set
of amino acid pK increments according to EMBOSS,
DTASelect, Solomon, Sillero or Rodwell.

The protein pre-statistic allows an in silico simulation of
a proteolytic digestion by calculating the number and
sequences of proteolytic peptides, the expected possible
sequence coverage, and performing a comparison in terms
of unique peptides and sequence coverage to other
proteolytic digestions (e.g., those using other proteases).
In terms of digestion parameters, several specific proteases
as well as their combinations and fixed modifications are
allowed.

In the protein post-processing mode, the same analysis
is possible for a list of identified proteins, and this
enables the comparison of experimental and theoretical
LC/MS measurements.

The peptide statistics mode allows the calculation of
inclusion or exclusion lists based on the results of a
theoretical or experimental proteolytic digestion. Therefore,
exact m/z values in a given m/z range were calculated for
the charge states 1+ to 4+. Again, fixed protein modifica-
tions are taken into account. Additionally, p/ values of all
potential proteolytic peptides for every protein inside a
protein FASTA database are calculated.

Prediction of protein coding regions in genome-wide
alignments of nucleotide sequences by RNAcode

We used the Multiz pipeline [28] to align 54 fully
sequenced enterobacteria species from GenBank (Elec-
tronic supplementary material Table S1). The alignments
were screened using the default parameters of RNAcode
(software available at http://wash.github.com/rnacode) and
a p-value cutoff of 0.05. This resulted in 20,528 high-
scoring coding segments. Multiple sequence alignments of
such a high number of species tend to be fragmented into
relatively small blocks. Therefore, high-scoring coding
segments in the same reading frame and less than 15
nucleotides apart were combined. This reduced the number
of high-scoring coding segments to 6,542.

The SwissProt protein database was downloaded (http://
pir.uniprot.org/downloads, May 2010 release). For each
registered E. coli protein, the ID, the type of evidence, and
the amino acid sequence was extracted. In order to compare
the RNAcode predictions, which are based on nucleotide
alignments, with the protein sequences from SwissProt and
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our peptide data, we blasted all peptide sequences
(TBLASTN, E-value 10> and 98% identity) against the
E. coli genome. Using this conservative method, 1574
proteins were mapped to 1605 distinct genomic loci.

Results and discussion
General experimental strategy

In this paper, our experiences relating to the large-scale
identification of LMW proteins (molecular weights
<25 kDa) using gel-based and gel-free approaches are
summarized. By combining different methods, a total of
455 LMW proteins of E. coli were identified with high
certainty (Electronic supplementary material Tables S2 and
S3).

As a starting point for optimization, the procedure
published in 2007 by Klein et al. [20] was used, as this
study reported an identification rate of 35% of the LMW
subproteome of Halobacterium salinarum. The outline of
this study consisted of high molecular weight protein
depletion, separation by 1D-GE using a modified protocol
according to Schaegger [23], and ESI-LC/MS® analysis
with FTICR MS.

Here we vary this strategy stepwise in order to estimate
the influence of the critical parameters in (i) protein
extraction, (ii) enrichment and separation, (iii) proteolysis,
(iv) MS and MS/MS analysis, and (v) protein identification
(Fig. 1).

| Cultivation |

v

| Protein extraction |

v

| Depletion of proteins >50 kDa I

v

| TCA Precipitation |

v

SDS tricine gel
electrophoresis

Proteolysis
LC-MS/MS

| Database search |

v v

| Postprocessing |

Fig. 1 Experimental workflow

@ Springer

Finally, the challenge of the de novo annotation of open
reading frames (ORF) coding for small proteins on a
genome-wide scale is addressed with the software RNA-
code.

Optimization steps
Different protein extraction methods

To estimate the influence of the cell disruption and protein
extraction methods, two different lysis buffers (a slightly
basic ammonia buffer containing 8 M urea and an acidic
buffer containing 0.1% TFA) were applied as a variant of
the method described in Klein et al. [20]. Similar protein
amounts were obtained with both buffers, which could not
be increased by the successive usage of both extraction
buffers (data not shown). After the depletion of higher
molecular weight proteins using centrifugal filtration
(molecular weight cut-off: 50 kDa), high enrichment in
proteins <30 kDa was observed, with a maximum at
approximately 15 kDa in terms of quantity (Fig. 2) and
number of identifications (Fig. 3). The total protein amount
determined after depletion and precipitation was approxi-
mately 2% for urea and 1% for TFA extracts. Proteins were
separated using 1D SDS tricine GE, and the LMW range of
each lane was cut into nine slices. Proteins were digested in
gel with endoprotease AspN or trypsin, and the resulting
peptides were subsequently analyzed by LC/MS.

The analysis resulted in a total of 333 and 223 protein
identifications for extractions with urea and TFA, respec-
tively. Interestingly, only 148+13 proteins were detected
using both protocols, which represents 44% of all detected
proteins (Fig. 4a).

The importance of an efficient cell disruption and protein
extraction has already been pointed out in other studies [18,

a M., b M.,
[kDa] [kDa]
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> - 17 |- e
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: 3 L 46
2 46 20 1
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Fig. 2 SDS tricine gel after protein extraction with urea lysis buffer
(a) and 0.1% TFA (b) and subsequent depletion of high molecular
weight proteins. Excised bands of the unstained gel part are numbered
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Fig. 3 Average mass distributions of the proteins identified using an
in-gel (a) or in-solution (b) approach in comparison to the SwissProt
protein database (c)

29]. Our results show that the choice of the extraction
buffer can influence the number and type of identified
proteins even more than the protease or the MS/MS
fragmentation technique (discussed below).

For the proteins in the p/ ranges of 5-7 and 11-14, the
identification rate was higher with the urea than with the
TFA lysis buffer (184 vs. 134 proteins, respectively, Fig. 5;
Electronic supplementary material Figure S1). For very acidic
proteins with a p/ of <5, TFA lysis gives slightly better
results than urea lysis (22 instead of 17 identified proteins).

Different protein separation methods

A 150 min gradient was used for the 1D-LC/MS analyses.
However, a gel-based approach in which nine slices were
analyzed by LC/MS using a 30 min gradient leads to a
49% increase (Fig. 3, Fig. 4b) in the identification rate.
Thus, even though there are differences in terms of LC
separation and measurement time, this indicates that
investing time and effort in additional separation steps
on the protein scale remains an efficient way of improving
the proteome coverage. Nevertheless, some proteins may
also be lost by additional separation steps. Eleven
especially low-abundance (four proteins below 1000
copies/cell) or as-yet unquantified proteins (five proteins)
were exclusively detected by the shorter LC/MS-based
approach.

Proteolytic digestion

The possibility of increasing the protein identification rate
as well as the average sequence coverage through the
complementary application of more than one protease is a
known strategy. Recently, Swaney and coworkers im-
proved the coverage of the proteome of Saccharomyces
cerevisiae by performing complementary proteolytic
digestions with multiple enzymes and subsequently ana-
lyzing using LC/MS [19]. While the proteases trypsin,
AspN, GluC, ArgC and LysC were used, the highest
identification rate was obtained with trypsin. Nevertheless,
the other proteases increased the identification rate by
18% (3908 instead of 3313 proteins) and—perhaps more
importantly—the average sequence coverage increased
from 24.5% to 43.4% as compared to that obtained with
the exclusive use of trypsin.

In addition to trypsin, we used endoprotease AspN,
which was predicted to create nearly the same number of
proteolytic peptides in the molecular weight range 800—
3,000 Da, and to present the highest orthogonality to
trypsin in terms of sequence coverage for LMW proteins
(Electronic supplementary material Table S4). Furthermore,
the prediction showed that in a complementary analysis
using both endoprotease AspN and trypsin, the number of
unidentifiable LMW proteins would be reduced to 67 in
comparison to the 233 not indentified when using trypsin as
the only protease. For unequivocal identification, at least
three detectable proteolytic peptides were required in this in
silico digestion (Electronic supplementary material
Table S4).

In summary, 292.5+76.5 proteins could be identified
with trypsin, and 163.5+£9.5 (46%) of these could be
verified using endoprotease AspN (Figs. 3 and 4c). The
average sequence coverage of proteins identified by both
proteases was increased from 48.0% to 63.7% by combining
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Fig. 4 Influence of different
protocol variations. Comparison a
of average protein identifica-
tions after a protein extraction
with urea lysis buffer or 0.1%
TFA, b digestion with the
in-solution or the in-gel ap-
proach, ¢ digestion with trypsin
or AspN, d MS/MS fragmenta-
tion and detection by IT-CID
or IT-ETcaD, and e MS/MS
database search using the
MASCOT or SEQUEST

search engines

the results obtained using trypsin with those obtained using
endoprotease AspN (Table. 5). Furthermore, 47.54+25.5
(13%) proteins could only be identified after proteolysis
with endoprotease AspN. According to Ishihama et al. [9],
21 of the 63 additionally identified proteins have copy
numbers per cell of below 1000, whereas 28 were not
covered by this study. Performing a database search by
combining the LC/MS results obtained through digestion
with trypsin and endoprotease AspN yielded 19.5+£9.5 (6%)
additional protein identifications. The abundance of at least
several of these proteins was very low (7 were determined to
be present with less than 1100 copies/cell), whereas 22 were
not yet quantified.

In contrast to tryptic peptides (except C-terminal
peptides), which always possess a “mass spectrometry
friendly” C-terminal charge due to the occurrence of a
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C-terminal arginine or lysine, this is not necessarily the case
for proteolytic peptides derived via cleavage with endopro-
tease AspN. This resulted in decreased spectral quality and
thus in lower average MASCOT scores (C-terminal
arginine or lysine: both 39, for N-terminal aspartic acid
and glutamic acid: 30 and 31) and slightly lower SEQUEST
scores (for lysine and arginine: 3.3 and 3.1; for acid and
glutamic acid: 3.0 and 3.0). The cleavage efficiency of
endoprotease AspN was lower for glutamic than for aspartic
acid (1586 instead of 205 identified peptides).

Variation of fragmentation technique
The fragments created by ETD, CID and HCD can either be

detected with high sensitivity and a short measuring time in
the linear iontrap (IT-ETD and IT-CID) or with high
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Fig. 5 p/ distributions of the proteins identified with the in-gel
approach after protein extraction with urea lysis buffer or 0.1% TFA in
comparison with the total amount of identified proteins

accuracy and resolution in the Orbitrap analyzer (Orbitrap-
ETD, Orbitrap-CID and HCD).

The benefits of using different analyzer types for MS/
MS measurements as well as the different fragmentation
techniques ETD, CID and HCD were evaluated with
biological triplicates.

Using the linear ion trap as the mass analyzer for MS/MS
detection, the three methods (a) CID, (b) ETD and (c) CID
combined with ETD by a data-dependent decision tree
provided an average of 177 (0=19), 144 (0=15) and 160
(0=21) protein identifications with very high confidence. The
overlap between the IT-ETD and IT-CID results was 71%,
whereas only 6% more identifications were gained by using
IT-ETD (Fig. 4d). However, since IT-ETD confirmed 75% of
the proteins identified by IT-CID, this complementary frag-
mentation technique represents a useful method of independent
validation. Moreover, the average sequence coverage and the
average number of identified peptides per protein were
increased by 5.5% and 21.7%, respectively (Table. 5).

Comparing the two different mass analyzers for MS/MS
fragment ions, the Orbitrap offers highly accurate fragment
ion mass measurements as well as enhanced signal-to-noise
ratios for highly abundant peptides (Fig. 6). In contrast, due
to its lower speed and sensitivity, about 50% fewer MS/MS
spectra could be recorded per run, resulting in about 15% of
the unique peptides being identified. On average, MS/MS
analysis of the fragments created by CID, HCD or ETD in
the Orbitrap resulted in the identification of only 27, 23 and
25 LMW proteins, respectively. This is also consistent with
a recent in-depth study by Kim and coworkers, who
analyzed E. coli lysates by CID fragmentation in the LTQ
Orbitrap using different conditions for MS and MS/MS
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Fig. 6 Comparison of different fragmentation methods after in in-solution
proteolysis, as exemplified by the peptide DVFVHFSAIQTnGFK from the
cold shock-like protein cspE (a IT-CID, b FT-CID, ¢ IT-ETD, d FT-ETD,
e FT-HCD). n denotes an Asn that was found to be deamidated

resolution [30]. However, the issue that the number of
proteins identified is much lower due to the lower scanning
speed and sensitivity of the techique may soon be overcome
due to further improvements in the speed and sensitivity of
the Orbitrap analyzer [31].

Influence of the MS analysis algorithm

There is still ongoing discussion about the quality of
peptide MS/MS search engines [32, 33]. This issue is
especially important here, due to the fact that the number of
peptides per LMW protein formed by proteolysis is very
limited. Additionally, the erroneous identification of a
peptide could easily lead to wrong protein identification.
Therefore, high sensitivity and accuracy is required during
peptide identification. To address this issue with a special
focus on LMW proteins, we performed searches with the
two most widely used database search engines MASCOT
and SEQUEST. After adjusting to 5% FDR using a decoy
database, an overlap of 86% was observed (Fig. 4e). Here,
MASCOT turned out to be more sensitive, resulting in the
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unique identification of 49 unique proteins compared to the
16 discovered by SEQUEST. Furthermore, for the gel-
based approach, the number of significant identifications
performed by MASCOT, 1060+86 peptides (on average 5.4
peptides per protein), was higher than the 902+85 peptides
(5.0 peptides per protein) identified with SEQUEST
However, we decided to combine and re-evaluate the
results obtained with both engines using SCAFFOLD in
order to generate the final identification results.

Covered protein groups

According to the GO classification, the identified proteins
were clustered using the GO terms “molecular function,”
“cell function,” and “localization” [27]. Information about
the copy number per cell was taken from Ishihama et al.

[9].
Cellular localization of identified LMW proteins

With the protocol applied, we obtained good to excellent
coverage for cytoplasmic (100 proteins, 45%), periplasmic
(22 proteins, 52%) and ribosomal proteins (53 proteins,
98%). Not unexpectedly, the identification rate for inner
membrane (43 proteins, 12%) and outer membrane proteins
(12 proteins, 33%) was significantly lower (Table 2).
However, it is possible to improve the coverage of
membrane proteins by performing additional prefractionation
[34, 35].

Protein abundance and molecular and cellular function

In order to estimate the copy numbers of a wide range of
cytosolic proteins, Ishihama and coworkers [9] used
label-free protein quantitation. The proteins identified in this
and our study cover a dynamic range of six orders of
magnitude. These proteins include highly abundant ribosomal
proteins like the 50S ribosomal protein L.33 (SwissProt entry:
POA7N9, 186,000,000 copies/cell) as well as rare proteins
with less than 200 copies per cell such as Acyl-CoA
thioesterase I (SwissProt entry: POADAI1, 186 copies/cell).
Furthermore, we identified about 100 proteins that are not

Table 2 Gene ontology annotation according to localization

covered by the study of Ishihama et al. (Electronic
supplementary material Table S5).

According to the GO annotations of E. coli, neither the
biological processes associated with nor the molecular
functions of 846 proteins are characterized. Interestingly,
579 (i.e., 68%) of these proteins possess a molecular weight
of <25 kDa (Tables. 2, 3 and 4). In our study, we were able
to identify 93 of these uncharacterized proteins. The
coverage of such proteins by proteome studies will
subsequently allow protein quantification, and thus may
ultimately contribute to the elucidation of their functional
roles.

Detection and evaluation of proteins predicted at the DNA
or transcriptome level using RNAcode

Among the 1723 individually predicted proteins, there are
837 (49%) LMW proteins that have not yet been validated
at the proteome level. Of those 837 LMW proteins, 96 were
detected in our study. However, 91 of these were recently
covered by Iwasaki et al. [10], whereas, to our knowledge,
the existence of the five remaining proteins has never been
established before.

Aside from all the experimental challenges involved, an
additional reason for the underrepresentation of LMW
proteins in proteome studies is probably the inherent
difficulty of the annotation process, which results in an
significant number of either dubious or missing protein
predictions [14, 36, 37]. In order to improve the prediction
and annotation of LMW proteins, we used the recently
developed RNAcode algorithm [16]. RNAcode performs a
comparison of homolog sequences that show evolutionary
conservation and has already been applied to transcriptome
data [17].

In the present study, we show how RNAcode can revise
existing annotations and also estimate their specificity by
performing a comparison with our proteome data. Of 1605
mapped LMW SwissProt protein loci, at least 70% of the
sequences of 1401 overlapped with segments that gave high
scores in RNAcode. Ninety-five percent of the proteins with
either proteome or transcriptome evidence listed in the
SwissProt database are positively classified by RNAcode

Localization Cytoplasm  Ribosome  Membrane Periplasmic ~ Cell projection/  Extracellular  Cell wall/cell ~ Other/not
space flagellum membrane assigned
Swissprot E.coli 219 55 356 42 36 3 36 995
K12 <25 kDa
In gel 101 46.1% 53 96.4% 43 12.1% 21 50.0% 2 5.6% 1 333% 11  30.6% 213 21.4%
In solution 63 288% 48 873% 23 6.5% 13 31.0% 1 2.8% 1 333% 5 13.9% 114 11.5%
In gel + in solution 110 50.2% 53 96.4% 47 132% 22 524% 2 5.6% 1 333% 11  30.6% 229 23.0%
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Table 3 Gene ontology annotation according to biological process

Other/not
assigned

Translation

Molecular Structural Transcription

Binding Catalytic Enzyme
activity

Antioxidant
activity

Biological process

regulator activity

transducer activity = molecule activity — regulator activity

regulator activity

851
131
73

141

65
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3
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8
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Swissprot E.coli K12 <25 kDa 8

15.4%
8.6%

75.0%
75.0%

3
3
4

38.5%
24.6%
43.1%

25

91.5%
83.1%
91.5%

9.5%
4.8%

58.3%
33.3%
66.7%

30.3%
15.8%

228 35.8%

87.5%
75.0%
87.5%

7
6
7

In gel

16
28

147 23.1%
242 38.1%

In solution

16.6%

54 100%

14.3%

128 32.0%

In gel + in solution

(Electronic supplementary material Table S6). This indi-
cates that there is a strong enrichment of experimentally
supported proteins in RNAcode predictions. Among the 455
proteins identified in this study, 449 (99%) show a clear
evolutionary signal for conservation at the nucleic acid
level. Proteome or transcriptome evidence is also reported
in the SwissProt database for 81% (365/449) of these. Thus,
the proteins identified in our study and the RNAcode
predictions are highly correlated.

On the other hand, of the proteins not covered in our
study or which had already been validated experimentally
or by sequence homology according to the SwissProt
database, only 68% were supported by RNAcode predic-
tions (Electronic supplementary material Table S6). This
difference suggests that many but probably not all of the
as-yet unverified reading frames in the SwissProt database
are real protein-coding segments. Interestingly, 229 high-
scoring protein-coding segments detected with RNAcode do
not overlap with annotated genes. Thus, the existence of
LMW proteins which are not included in the current
version of the SwissProt database was indicated by
RNAcode analysis [16].

This analysis clearly shows that the existing SwissProt
protein database can be improved, specifically with
respect to evolutionary conservation, by the novel in
silico approach. Furthermore, the results of our LMW
proteome analysis are supported by other experimental
data and they show a good correlation with the protein
coding signals predicted by RNAcode too (Electronic
supplementary material Table S6).

In this study, 54 proteins were identified which were
only predicted according to EXPASY SwissProt database
information (http://expasy.org/sprot/). Furthermore, five
of the identified proteins (SwissProt entries P76549,
P21418, POA703, ASA614, and POAEGS; Electronic
supplementary material Tables S2 and S3) have not yet
been validated according to the latest large-scale studies
by Iwasaki et al. [10] and Ishihama et al. [9]. By applying
RNAcode, the corresponding gene regions were predicted
to code for these LMW proteins with high probability
(Fig. 7).

Validation is crucial when claiming newly detected
proteins. We analyzed the samples after extraction with
urea or TFA lysis buffer and digestion with the endopro-
teases AspN and trypsin, which produce complementary
peptides. This enabled us to unambiguously confirm the
existence of all of them by multiple detection with FDR
probabilities of below 0.05. For example, for the protein
POAEGS, identification is based on two tryptic peptides and
four proteolytic peptides created by the endoprotease AspN,
so the sequence coverage was increased to 65% (Fig. 7).
Additionally, the predicted proteins were found in indepen-
dently processed biological replicates.
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Table 4 Gene ontology annotations according to molecular function

Molecular Cellular Developmental Interaction Localization Metabolic ~ Regulation Reproduction Response  Other/not
function process process with cells process to stimulus  assigned
and
organisms
Swissprot E.coli 606 1 63 146 110 205 5 100 807
K12 <25 kDa
In gel 206 34.0% O 0.0% 6 95% 29 199% 43 39.1% 71 34.6% 1 20.0% 45 45.0% 148 18.3%
In solution 143 23.6% 0 0.0% 5 79% 19 13.0% 26 23.6% 49 239% 1 20.0% 32 32.0% 73 9.0%
In gel + in 218 36.0% O 0.0% 6 95% 31 212% 44 40.0% 76 37.1% 1 20.0% 48 48.0% 160 19.8%
solution

Perspectives on LMW proteome analysis

However, even these improved identification rates (espe-
cially in the molecular weight range of 5-15 kDa),
compared to state of the art standard proteome studies
(Fig. 8), of 62% for cytosolic proteins and 27% for all
known LMW proteins (including membrane proteins)

a
escherichia_coli_0157H7

still leave some room for further improvement. Aside
from aiming for increased coverage through the
additional prefractionation of membrane proteins,
our results indicate that improving protein and/or
peptide separation leads to significantly higher iden-
tification rates as well as enhanced average sequence
coverage.
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Fig. 7 Evaluation and validation of predicted proteins by a RNAcode
and b. LC/MS/MS. a A UCSC screen shot of the genomic context
around protein dsrB (Swiss Prot entry POAEGS) is shown at the top
with annotated protein coding genes (yellow), transcription units as
defined by Cho et al. [41] (blue) and RNAcode high-scoring coding
segments (purple). Arrows within boxes indicate the reading direction
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of the corresponding element. Marked in light colors are elements
corresponding to protein dsrB. The lower half depicts the conservation
of the E. coli region with respect to other enterobacteria. b Proteins
were validated by LC/MS/MS analysis. Spectra and identification
parameters of one of the peptides identified using the endoproteases
trypsin or AspN are shown.
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Fig. 8 Comparison of the total number of proteins identified here
with the results of selected previous studies focusing on the coverage
of the cytosolic proteome of E. coli

It was shown by Godoy et al. that near-complete
proteome coverage is possible for yeast using n-dimensional
protein and/or peptide separation prior to MS/MS analysis.
However, these approaches are still very time intensive and
require the analysis of several dozen proteolytic peptide
fractions [38].

Recently, Iwasaki et al. used a non-commercially
available 350 cm monolithic reversed-phase C;g column
to achieve improved peptide separation for proteolytic
peptide mixtures of whole E. coli cell lysates during a
41 h gradient. This approach allowed for the identification
of 2602 proteins, of which 820 were LMW proteins
(Table 1) [10]. However, even with this very powerful
untargeted analysis, more than 50% of the LMW sub-
proteome remained uncovered.

As a complement to the untargeted proteomics
approaches, a targeted approach based on multiple reaction
monitoring (MRM) has proven to be feasible for high-
throughput proteomics studies [39]. The basic idea of this
strategy is to optimize the detection of proteolytic peptides

time- and cost-intensive processes. Nevertheless, especially
for very sensitive, specific, and reproducible analyses of
limited numbers of proteins, this strategy may be the best
method currently available [40].

Summary

In conclusion (see also Table 5), there are various tailor-
made strategies that can be used for LMW proteome
analyses which vary in their aims and the technical
equipment employed:

* For higher sequence coverage, employing a combina-
tion of enzymes can significantly increase the number
of unique peptides per protein.

* In order to increase the identification rate, the use of an
acidic extraction buffer may prove to be beneficial.
Furthermore, sequential extraction using different ex-
traction buffers may improve the identification rates,
even if the total amount of extracted protein is not
increased significantly (data not shown).

» To enhance the robustness of identifications based on an
increased number of unique MS/MS spectra, the use of
additional enzymes or complementary fragmentation
methods like ETD represent efficient options.

* An easy and—with respect to measuring time—neutral
way to improve the sensitivity and accuracy of peptide

Table 5 Gains in identification rate, sequence coverage and identification robustness obtained by performing a combined analysis rather than the

standard procedure alone

Standard Option Proteins Coverage** Unique peptides** Unique spectra**
Urea TFA +25.2% +5.9% +19.3% +21.7%

Trypsin AspN +16.2% (+22.9%*) +15.7% +74.6% +78.2%

IT-CID IT-ETD +6.2% +5.5% +21.7% +30.1%

IT-CID FT-CID +0% +0.7% +2.6% +2.4%
MASCOT SEQUEST +3.6 % +1.4% +3.6% +4.3%

* Combined identification using trypsin and AspN results in one search
** Related to proteins identified in both experiments
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identification is to combine multiple MS analysis
algorithms. This is especially important for the identi-
fication of LMW proteins, which relies on a very
limited number of proteotypic peptides.

e In terms of the efficient use of measurement time,
analyzing different preparations of the same sample
instead of multiple replicates or using extremely long
gradients could be advantageous, as this can increase
the total number of proteins identified, the sequence
coverage, and the number of peptides per protein.

In conclusion, this study can be used as a guideline to
improve the coverage of cytosolic LMW proteins, espe-
cially in the molecular weight range of 5-20 kDa.

Furthermore, in this study we investigated an automated
protein-coding gene annotation tool. We analyzed the
accuracy of RNAcode prediction in comparison to SwissProt
protein database entries and proteins that we had experimen-
tally verified. We found that the predictions made by
RNAcode are highly correlated with experimentally validated
proteins. Hence, there are 229 high-scoring protein-coding
segments that do not overlap with annotated genes and
which indicate the existence of additional putative small
proteins in E. coli.
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Abstract

With the availability of genome-wide transcriptidata and massive comparative sequencing,
the discrimination of coding from noncoding RNAdahe assessment of coding potential in
evolutionarily conserved regions arose as a coatysis task. Here we present RNAcode, a
program to detect coding regions in multiple segeedignments that is optimized for emerg-
ing applications not covered by current proteinegénding software. Our algorithm com-
bines information from nucleotide substitution agap patterns in a unified framework and
also deals with real-life issues such as alignnaerat sequencing errors. It uses an explicit
statistical model with no machine learning compdrerd can therefore be applied “out of
the box,” without any training, to data from albmhains of life. We describe the RNAcode
method and apply it in combination with mass speostry experiments to predict and con-
firm seven novel short peptides in Escherichia enld to analyze the coding potential of
RNAs previously annotated as “noncoding.” RNAcadeopen source software and available
for all major platforms at http://wash.github.con@code.
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ABSTRACT

With the availability of genome-wide transcription data and massive comparative sequencing, the discrimination of coding from
noncoding RNAs and the assessment of coding potential in evolutionarily conserved regions arose as a core analysis task. Here
we present RNAcode, a program to detect coding regions in multiple sequence alignments that is optimized for emerging
applications not covered by current protein gene-finding software. Our algorithm combines information from nucleotide
substitution and gap patterns in a unified framework and also deals with real-life issues such as alignment and sequencing errors.
It uses an explicit statistical model with no machine learning component and can therefore be applied “‘out of the box,” without
any training, to data from all domains of life. We describe the RNAcode method and apply it in combination with mass
spectrometry experiments to predict and confirm seven novel short peptides in Escherichia coli and to analyze the coding
potential of RNAs previously annotated as ‘“‘noncoding.” RNAcode is open source software and available for all major platforms
at http://wash.github.com/rnacode.

Keywords: coding sequence; comparative genomics; small peptides; transcriptome

INTRODUCTION vestigators interested in noncoding RNAs hence have re-
peatedly implemented their own custom solutions to detect
coding regions (see, e.g., Mourier et al. 2008; Shi et al. 2009).
The tarsal-less gene in Drosophila melanogaster (also known
as polished-rice in Trilobium) illustrates some of these chal-
lenges (Rosenberg and Desplan 2010). The transcript lacks a
long open reading frame (ORF) and was originally annotated
as noncoding RNA. Later it was found to produce several
short, independently translated peptides of 11-32 amino
acids (Galindo et al. 2007; Kondo et al. 2007) with a regula-
tory role in epidermal differentiation (Kondo et al. 2010).
How many such short functional peptides may be hidden
among RNAs remains an open question (Rosenberg and
Desplan 2010).

The detection of protein-coding genes in genomic DNA

Distinguishing protein-coding from non-protein-coding
sequence is the first and most crucial step in genome anno-
tation. While the coding regions are subsequently investi-
gated for properties of their protein products, a completely
different toolkit is applied to the nucleic acid sequences of
the noncoding regions. The quality of the analysis of coding
potential therefore also affects the annotation of putative
noncoding RNA (ncRNA) genes.

Discrimination between coding and noncoding regions
poses technical as well as biological challenges not addressed
by standard gene finders (Dinger et al. 2008). Ironically, in-

SPresent address: MIT Computer Science and Artificial Intelligence

Laboratory, 32 Vassar Street, Cambridge, MA 02139, USA.

Reprint requests to: Stefan Washietl, MIT Computer Science and
Artificial Intelligence Laboratory, 32 Vassar Street, Cambridge, MA
02139, USA; e-mail: wash@mit.edu; fax: (617) 253-6652.

Article published online ahead of print. Article and publication date are
at http://www.rnajournal.org/cgi/doi/10.1261/rna.2536111.

data is a well-studied problem in computational biology
(Burge and Karlin 1998). Using machine learning tech-
niques, sophisticated models of genes have been built that
can be used to annotate whole genomes (Brent 2008) and that
have been constantly improved over the years (Flicek 2007;

578 RNA (2011), 17:578-594. Published by Cold Spring Harbor Laboratory Press. Copyright © 2011 RNA Society.
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Brent 2008). Regular community meetings demonstrate
a density of high-quality software not usually seen in other
fields (Guigo et al. 2006; Coghlan et al. 2008). New types of
high-throughput data, such as genome-wide transcription
maps, massive comparative sequencing, and meta-genomics
studies, however, have led to new challenges beyond classical
gene finding. Many transcripts are found that do not
overlap known or predicted genes (Carninci et al. 2005;
The ENCODE Project Consortium 2007). Statistical
methods are necessary to assess the coding potential of this
“black matter” transcription (Frith et al. 2006). Similarly,
comparative sequencing has revealed a plethora of evo-
lutionarily conserved regions without other annotation
(Siepel et al. 2005). A reliable analysis of the coding po-
tential of these regions is an essential step preceding any
downstream analysis.

Evolutionary analysis has previously proved useful for de
novo detection of coding regions. Various algorithms have
been developed to predict coding potential in pairwise
alignments (Badger and Olsen 1999; Rivas and Eddy 2001;
Mignone et al. 2003; Nekrutenko et al. 2003), and the power
of multi-species comparison for the purpose of coding region
prediction was demonstrated impressively in yeast (Kellis
etal. 2003), human (Clamp et al. 2007), and more recently in
12 drosophilid genomes (Stark et al. 2007; Lin et al. 2008).
There is no doubt that these types of analysis are powerful
and useful additions to classical gene finders.

In this study, we introduce “RNAcode,” a program to
detect protein-coding regions in multiple sequence align-
ments. The initial motivation was to use RNAcode in com-
bination with the widely adopted structural RNA gene-
finding program RNAz (Washietl et al. 2005). Similar in
spirit to the program QRNA (Rivas and Eddy 2001), the goal
is to produce more accurate annotations of ncRNAs by
combining information from explicit models for structural
RNAs and protein-coding RNAs. The direct identification
of conserved regions as protein coding can reduce the
number of false-positive ncRNA predictions, which is still
the main problem in large-scale screens (Washietl et al.
2007).

More generally, RNAcode was designed to fill a specific
gap in the current repertoire of comparative sequence anal-
ysis software. It provides the following features for which, to
our knowledge, no other program is available: (1) RNAcode
relies on evolutionary signatures only and is based on a direct
statistical model. No machine learning or training is in-
volved, and it can thus be applied in a generic way to data
from all species. (2) It makes use of all evolutionary sig-
natures that are known to be relevant rather than focusing on
one particular feature. (3) It predicts local regions of high
coding potential together with an estimate of statistical
significance in the form of an intuitive P-value. (4) RNAcode
deals with real-life issues such as sequencing and alignment
errors. (5) It is provided as a robust, platform-independent,
and easy-to-use C-implementation that is applicable to the

analysis of selected regions and that can be integrated in
annotation pipelines of larger scale.

ALGORITHM

Evolutionary changes in the nucleotide sequence of coding
genes typically preserve the encoded protein. This type of
negative (stabilizing) selection leads to frequent synonymous
and conservative amino acid mutations, insertions/deletions
preserving the reading frame, and the absence of premature
stop codons. Our algorithm integrates this information in a
unified scoring scheme. It takes as input a multiple nucleo-
tide sequence alignment including a “reference” sequence,
which is the one we wish to search for potential coding
regions, and predicts local segments that show statistically
significant protein-coding potential. Figure 1 shows an over-
view of the algorithm that is described in more detail in
the following sections. First, we introduce a scoring scheme
that acts on pairwise alignments and considers amino acid
substitutions and gap patterns. Second, we describe how
maximum scoring regions under this scheme can be com-
puted for a multiple alignment by considering all pairwise
combinations of a reference sequence to the other sequences
in the alignment. Third, we indicate how assessment of the
statistical significance of these regions can be performed.

Amino acid substitutions

Consider two aligned nucleotide triplets a and b that corre-
spond to two potential codons. To see if they encode synon-
ymous or biochemically similar amino acids, we can translate
the triplets and use amino acid similarity matrices such as
the widely used BLOSUM series of matrices (Henikoff and
Henikoff 1992). Let A, and A, be the translated amino acids
of the triplets a and b, respectively, and S(A,,A;) their
BLOSUM score. In absolute terms, this score is of little value:
Highly conserved nucleotide sequences will get high amino
acid similarity scores upon translation even when noncoding.

We need to ask, therefore, what is the expected amino acid
similarity score assuming that the two triplets evolve under
some noncoding (neutral) nucleotide model. Deviations
from this expectation will be evidence of coding potential.
To this end, we estimate a phylogenetic tree for the input
alignment using a maximum-likelihood method under
the well-known HKY85 nucleotide substitution model
(Hasegawa et al. 1985). Furthermore, we note that two aligned
triplets can have zero, one, two, or three differing positions,
i.e., they can have a Hamming distance h(a, b) € {0,1,2,3}. It is
straightforward to calculate the expected score for a given
protein matrix, a parametrized HKY85 background model,
and a given Hamming distance x:

<5>h:x = z
ab
h(a,b)=x

S(Aq, Ap) T a7 a, 7,0, Prob(a — b | 1). (1)
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FIGURE 1. Overview of the RNAcode algorithm. First, a phylogenetic tree is estimated from the input alignment including a reference sequence
(darker line) under a noncoding (neutral) nucleotide model. From this background model and a protein similarity matrix, a normalized sub-
stitution score is derived to evaluate observed mutations for evidence of negative selection. This substitution score and a gap scoring scheme are
the basis for a dynamic programming (DP) algorithm to find local high-scoring coding segments. To estimate the statistical significance of these
segments, a background score distribution is estimated from randomized alignments that are simulated along the same phylogenetic tree. The
parameters of the extreme value distributed random scores are estimated and used to assign P-values to the observed segments in the native

alignment.

Here a;, a,, and a; denote the first, second, and third
nucleotide in triplet a; 7 is the stationary frequency in the
HKY85 model; and Prob(a — b|t) is the probability that
triplet a changes to b after some time . The analytic ex-
pression for this probability is given by Hasegawa et al.
(1985). The pairwise evolutionary distance t between two
sequences is calculated as the sum of all branch lengths
separating the two sequences in the estimated phylogenetic
tree.

Put in simple terms, the score (s) is the average score over
all possible pairs weighted by the probability of observing
such a pair under our background assumption. We condition
on the observed Hamming distance h(a, b) because this
reduces the effect of implicit information on average amino
acid frequencies contained in the BLOSUM matrix, and was
found to give better results. We can use this expected score
(s) to normalize our observed scores s arriving at the final
protein-coding score o for an aligned triplet:

o =s5—s). (2)

To illustrate this with an example, consider the aligned
triplets GAA and GAT. The triplets encode glutamic acid
and aspartic acid, respectively, and score s = +3 in the
BLOSUMS62 matrix. Furthermore, assume that under some
background model, the expected score for pairs with one
difference is (s),, — ; = —1. The overall score is thus o = 3 —
(=1) = +4. The positive score reflects the conservative
mutation between the biochemically similar amino acids. A
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synonymous mutation usually gives the strongest support
for negative selection. Since it also gives the highest scores
in any protein matrix, there is no need to treat it differently
from conservative mutations, and we can score both types
of mutations using the same rules. Under this simple
scoring scheme, the average triplet score in a coding
alignment under negative selection will be positive, while
in noncoding alignments, it will be 0 on average. We found
that the HKY85 substitution model accurately models non-
coding regions for this particular purpose (see the Results
section).

Reading frames and gaps

It is straightforward to score an alignment that does not
contain gaps. The alignment can simply be translated in all
reading frames and the resulting triplets assigned a sub-
stitution score o as described above. Real alignments, how-
ever, usually contain gaps. For the purpose of finding coding
regions, gap patterns contribute valuable information (Kellis
et al. 2004). Negative selection not only acts on the type of
amino acid but also on the reading frame that is generally
preserved when insertions/deletions occur. Our algorithm
incorporates this information into the scoring scheme and,
in addition, also deals with practical problems that occur in
real-life data such as alignment and sequencing errors. Figure
2 shows some selected gap patterns to illustrate the basic
principles. A more formal specification of the algorithm can
be found in the Appendix.
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FIGURE 2. Examples of typical gap patterns and scoring paths in a
pairwise alignment assumed to be coding. Nucleotides are shown as
blocks, codons as three consecutive blocks of the same shading. (A) A gap
of length three does not change the reading frame and in-frame-aligned
codons are scored with the normalized substitution score o. (B) A single
gap destroys the reading frame but gets corrected downstream by another
gap. The triplets that are out-of-phase because of this obvious alignment
error are penalized by the two frameshift penalties () and w. (C) A single
gap that, in principle, destroys the reading frame is interpreted as a se-
quence error. Penalized by a high negative score A, this frameshift is
ignored, and downstream codons are considered to be in-phase.

In real coding regions we will frequently encounter gap
lengths that are multiples of three that do not break the
coding frame (Fig. 2A). We treat this kind of gap neutrally
and give it a score of 0. The aligned triplets before and after
the gap are in the same phase and thus can be assigned a score
of o.

Any gap not a multiple of three will result in a frameshift
and the sequences are out-of-phase. We assign a penalty
score ) < 0 for the frameshift event and each subsequent
aligned triple that is out-of-phase receives an additional
smaller penalty < 0. Changing the frame back is also
penalized, again by  (Fig. 2B). The basic idea is that
noncoding regions have many frameshifts, and long stretches
in the same frame are rare. In contrast, coding regions should
not have any frameshifts at all. In real data frameshifts can
also be observed in coding regions because of alignment
errors. However, they usually get reverted soon by another
gap. Consequently, only relatively short regions are out-
of-frame.

Gaps in coding regions that are not a multiple of three can
also be the result of sequence errors. This is particularly
problematic for low-coverage sequencing. In order not to
miss substantial parts of true coding regions that appear to be
out-of-frame because of a single sequence error, we allow
change of the phase and penalize this event with a negative
score A (Fig. 2C). Clearly, this event should be rare and hence
the penalty must be high; the condition A < 2() must be met
at least, or otherwise a sequence error event would always be
chosen as a more favorable explanation than the frameshift-
ing gaps in the optimization algorithm described below.

Stop codons

Under normal conditions, a reading frame cannot go beyond
a stop codon. To reflect this in our algorithm, stop codons in

the reference sequence get a score of —o. We allow re-
laxation of this for stop codons in the other sequences
because if they are of low quality, erroneous stop codons
might be observed. These should not automatically destroy
a potentially valid coding region but rather be penalized with
a relatively large negative score.

Calculating the optimal score for a pairwise
alignment

Using the scoring scheme introduced above, we need to find
the interpretation of a given alignment as aligned codons in
a particular reading frame, out-of-frame codons, and se-
quence errors that maximizes the score. This is achieved by
a dynamic programming algorithm that is described in full
detail in the Appendix.

Finding maximum scoring segments
in a multiple alignment

To find regions of high coding potential in a multiple
sequence alignment, we first consider the pairwise combi-
nations of the reference sequence with each other sequence.
In these pairwise alignments, we calculate the optimal score
of each alignment block delimited by two columns i and
7 using the dynamic programming algorithm. Once the
maximum scores have been found for each pairwise align-
ment, we take the average of all pairs and store the optimal
scores for the blocks between any two columns i and j of the
multiple alignment in a matrix S; (for details, see Appendix).
In this matrix, we identify maximal scoring segments, i.e.,
segments with a positive score that cannot be improved by
elongating the segment in any direction. This approach is
meaningful because in noncoding regions the average sub-
stitution score is =0 and gaps can only contribute negative
scores.

Statistical evaluation

To assess the statistical significance of high scoring segments,
we empirically estimate the score distribution of neutral
alignments conditional on the phylogeny derived from the
alignment under consideration. Again, we use the phyloge-
netic tree estimated under the HKY85 model as our null
model. We simulate neutral alignments along this tree and
calculate high-scoring segments in exactly the same way as
for the native alignment. The score distribution follows an
extreme value distribution, and we found that it is well
approximated by the Gumbel variant with two free param-
eters (see the Results section). Fitting this distribution allows
us to calculate a P-value for every high-scoring segment
actually observed. This P-value expresses the probability that
a segment with equal or higher score would be found in the
given alignment by chance.
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RESULTS

Classification accuracy

We tested RNAcode on six different comparative test sets.
These test sets were created from genome-wide alignments
(Blanchette et al. 2004; Schneider et al. 2006; Kuhn et al.
2009) typical of those that are widely used for comparative
analysis today. The set consisted of alignments of E. coli with
nine enterobacteria, Methanocaldococcus jannaschii with
10 methanogen Archaea, Saccharomyces cerevisiae with six
other Saccharomyces strains, Drosophila melanogaster with 11
drosophilid species and three other insects, Caenorhabditis
elegans with five other nematode species, and Homo sapiens
aligned to 16 vertebrate genomes. From these alignments, we
extracted both annotated coding regions/exons and ran-
domly chosen regions without coding annotation. We then
calculated the maximum coding potential score and its as-

sociated P-value for each alignment. We did not include
explicit information on the reading direction, i.e., the coding
regions were randomly either in forward or reverse comple-
ment direction and both directions were scored.

A typical score distribution (Fig. 3A) shows that random
noncoding regions generally do not contain maximal scoring
segments with scores higher than 15, whereas coding regions
show a wide range of maximal scoring segments of much
higher scores. The score efficiently discriminates coding and
noncoding regions. Receiver operating curves (ROC) show
the sensitivity and specificity of the classification at different
score cutoffs (Fig. 3B). In general, we observe the area under
the curves (AUC) of the ROCs to be close to 1, i.e., close to
perfect discrimination. Usually, the high specificity range
(Fig. 3B, insets) is of particular interest for large-scale anal-
ysis. At a false-positive rate of 0.05%, for example, we can
detect ~90% of coding regions in all six test sets.
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FIGURE 3. RNAcode results on comparative test sets from various species. (A) Score distributions of annotated coding regions and randomly
chosen noncoding regions in the Drosophila test set. (B) ROC curves for all six test sets. The full curve for all ranges of sensitivity/specificity from
0 to 1 is shown in the main diagrams. (Insets) The high specificity rate with false positive rates from 0 to 0.1. (C) Score distribution of noncoding
alignments. The same distribution of the Drosophila test set as shown in A is shown in more detail. The fitted Gumbel distribution is shown as
dotted line. (Upper right diagram) Comparison of the calculated P-values (via simulation and fitting of the Gumbel distribution) to the empirical

P-values, i.e., the actual observed frequencies in the test set.
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Accuracy of P-value estimates

The fact that the amino acid similarity scores used in our
scoring scheme are adjusted by the expected score under
a neutral null model ensures that the RNAcode score is
properly normalized with respect to base composition
and sequence diversity (phylogeny). In other words, the
RNAcode score is independent of sequence conservation and
GC content. Unlike other abstract classifiers, it is therefore
possible to interpret and compare scores in absolute terms.
However, even more important is an accurate estimate of the
statistical significance of a prediction. Similar to the well-
known statistics of local alignments (e.g., BLAST), RNAcode
scores follow an extreme value distribution (Fig. 3C). This
allows us to calculate P-values (see the section “Statistical
Evaluation”).

To test the accuracy of this approach, we compared
P-values calculated by this procedure to empirically deter-
mined P-values on a set of noncoding Drosophila alignments.
To this end, we calculated the P-value for each alignment in
the set and compared each to the proportion of alignments
with better scores than the given one (Fig. 3C, inset). The
excellent agreement of the P-values calculated by RNAcode
and the actual observed frequencies confirms that the
Gumbel distribution is an accurate approximation of the back-
ground scores. In addition, it also confirms that the HKY85
nucleotide substitution model and our simulation procedure
accurately model real noncoding data.

Influence of parameter choice

The frameshift penalties in our algorithm are user-definable
parameters. We found that the algorithm is relatively robust
with respect to the particular choice of these parameters.
Three different sets of parameters gave almost identical re-
sults (Supplemental Fig. 1). However, ignoring information
from gap patterns altogether by setting all penalties to a
neutral value of zero leads to a drop in classification per-
formance. This shows that gap patterns do, indeed, hold
relevant information for classification although most in-
formation is contained in the substitution score, a result that
is consistent with previous reports (Lin et al. 2008).

Comparison to other comparative metrics

To further evaluate the performance of our new approach, we
have created a more extensive data set that systematically
covers alignments with varying numbers of sequences and
different conservation levels (see Materials and Methods).
On this data set, we have compared the RNAcode substitution
score to two other commonly used metrics that are based on
evolutionary signatures.

The ratio of nonsynonymous (dN) to synonymous sub-
stitutions (dS) gives information on the type of selection
acting on a protein-coding sequence (Yang and Nielsen

2000). A low dN/dS ratio indicates negative selection, which
was found to be a reliable way to detect coding regions in
pairwise (Nekrutenko et al. 2003) and multiple alignments
(Lin et al. 2008). The structure of the genetic code leads to a
periodic pattern of evolutionary rates (Bofkin and Goldman
2007), another characteristic of protein-coding regions that
was applied, for example, to assess the coding potential of
unannotated transcripts in S. cerevisiae (David et al. 2006)
and in human in the ENCODE pilot project (The ENCODE
Project Consortium 2007).

We calculated the dN/dS ratio for all alignments in our
data sets using a maximum likelihood method (Yang and
Nielsen 2000). To quantify the substitution rate periodicity,
we re-implemented a likelihood test described previously
(Materials and Methods) (The ENCODE Project Consor-
tium 2007). In essence, it compares a null model with equal
rates for each nucleotide position to an alternative model
allowing for a periodic pattern “...ABCABCABC...” of
rates. It thus captures the periodicity of the codons without
the need to explicitly determine the reading direction or
frame.

We found that the RNAcode substitution score consis-
tently outperforms the dN/dS ratio and the periodicity score
(Fig. 4). The difference is particularly pronounced for align-
ments of low sequence conservation. These alignments pre-
sumably contain more conservative amino acid substitu-
tions, which RNAcode—in contrast to the dN/dS ratio—can
take advantage of. Interestingly, the fact that the dN/dS ratio
and the periodicity score are calculated over a phylogenetic
tree for the complete alignment does not lead to better per-
formance than the RNAcode score, which is calculated from
pairwise comparisons.

Influence of alignment properties

The performance of RNAcode depends on the evolutionary
information contained in the alignment. The results shown
in Figure 4 illustrate this dependency in terms of alignment
size and sequence diversity. In the extreme case of pairwise
alignments with very low sequence diversity (90%-100%
mean pairwise sequence identity), the classification perfor-
mance is relatively poor (AUC < 0.9). Adding more se-
quences (N = 4) and higher sequence diversity (identities
below 90%) leads to much better performance (AUC =
0.99). Adding even more sequences (N = 8) results in further
improvement and almost perfect discrimination. We con-
clude that alignments with as few as four sequences that are
<90% identical will give satisfactory results in practical
applications of RNAcode.

The alignment method used might affect performance.
All tests in this study were run on genome-wide align-
ments generated by MultiZ (Blanchette et al. 2004). We
found that re-aligning with other commonly used align-
ment programs did not change our results (Supplemental
Fig. 2).
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FIGURE 4. Comparison of the RNAcode substitution score with other comparative metrics. The ROC curves show the classification
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for all methods and sets.

Automatic annotation of Drosophila genome

The main purpose of RNAcode is to classify conserved
regions of unknown function, to discriminate coding from
noncoding transcripts, and to analyze the coding potential
in non-standard genes (e.g., short ORFs or dual-function
RNAs; see below for examples). RNAcode’s algorithm is built
on a direct statistical model that deliberately ignores any
species-specific information and does not resort to machine
learning. RNAcode is thus not optimized for the genome-
wide annotation of protein-coding genes in well-known
model organisms. However, to demonstrate that RNAcode
is also efficient for this purpose and to study our algorithm in
direct comparison to today’s best gene finders, we auto-
matically annotated chromosome 2L (/23 Mb) of the
D. melanogaster genome. We ran RNAcode with standard
parameters and a P-value cutoff of 0.001 on MultiZ align-
ments available at the UCSC Genome Browser and compared
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the results to FlyBase (Drysdale and FlyBase Consortium
2008) annotation. Of the 10,535 annotated coding exons in
FlyBase, 9245 overlapped (by at least one nucleotide) with an
RNAcode prediction (sensitivity 87.8%). In total, RNAcode
predicts 13,166 high-scoring coding regions with p < 0.001.
Of'these, 12,207 had overlap with one of the annotated exons,
i.e., 959 were false positives (specificity: 92.7%). This result is
surprisingly close to the currently best “full” gene finders. In
the same overlap statistics, CONTRAST (Gross et al. 2007)
achieves 91.0%/97.0% (sensitivity/specificity) and NSCAN
(Gross and Brent 2006) 91.8%/97.2%. These algorithms can
take advantage of species-specific features such as splice
site signals, codon usage, exon length distributions, etc., in-
formation that is not available when studying non-model
organisms or atypical genes (see below for examples). Our
results show that evolutionary events alone hold a consider-
able amount of information and that RNAcode efficiently
makes use of it.
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Novel peptides in E. coli

The E. coli genome was one of the first completely sequenced
genomes and is generally well annotated. However, even in
this compact and extensively studied genome, the protein
annotation is far from perfect. Protein gene annotation is
largely based on compositional analysis and homology with
known protein domains. The statistical power of these
criteria is limited for small proteins. Standard gene-finding
software is usually run with an arbitrary cutoff of 40-50
amino acids to avoid an excess of false positives and suffers
from the lack of training data of verified short peptides.

Here, we attempted to produce a set of predictions based
on evolutionary signatures only. We created alignments
of the E. coli reference strain K12 MG1655 to 53 other
completely sequenced enterobacteria strains including
Erwinia, Enterobacter, and Yersinia (see Materials and
Methods) (Supplemental Table 1). A screen of these align-
ments with RNAcode and a P-value cutoff of 0.05 resulted in
6542 high-scoring coding segments. We discarded all pre-
dictions that overlapped annotated proteins. For the remain-
ing RNAcode predictions, we tried to identify a complete
OREF (starting with AUG and ending in a stop codon) in the
E. coli reference sequence (see Materials and Methods). This
step is necessary because the boundaries of high-scoring
segments usually do not correspond exactly to the ORF (a
main problem here is the relatively short alignment blocks
produced by MultiZ, which do not always cover an ORF over
its full length). This procedure gave 35 potential new protein-
coding genes between 11 and 73 amino acids in length (see
Supplemental Table 2).

To assess the quality of these predictions, we first looked at
the overall sensitivity of our screen on already annotated
proteins. Of the 4267 RefSeq proteins, 3987 overlapped with
a RNAcode prediction (sensitivity 93.4%). Hemm et al.
(2008) revisited the annotation of small proteins in E. coli
and found 18 novel examples using a combination of dif-
ferent bioinformatics and experimental methods. In a set of
18 new and 42 literature-curated proteins between 16 and 50
amino acids compiled by Hemm et al. (2008), 30 (50.0%)
overlap with RNAcode predictions. These results show that
our screen not only gives almost perfect results on typical E.
coli proteins, but also recovers a substantial fraction of small
proteins that are particularly difficult to detect. Moreover,
our final list of 35 candidates for novel proteins is rather short
and shows the high specificity in this screen.

For additional support, we compared our list of pre-
dicted candidates with publicly available transcriptome data
(Tjaden et al. 2002; Cho et al. 2009). These data sets cover
a broad range of experimental conditions and therefore
reflect a comprehensive genome-wide transcription map of
E. coli. Eight candidates (23%) overlap with regions that show
clear evidence for transcription (Supplemental Table 2).

To further substantiate our predictions, we used mass
spectrometry (MS) as a direct experimental test for the ex-

istence of the novel peptides in E. coli cells. MS is particularly
well suited to screen simultaneously for a large set of proteins
without resorting to cloning or recombinant expression
(Aebersold and Mann 2003). Many, but by no means all,
proteins of an organism are expressed and detectable under
the actual applied conditions by current MS-based proteo-
mics. Detecting small peptides in complex protein mixtures
is particularly challenging for various reasons. Compared to
the overall protein expression level, short peptides often
show low abundance, they are easily lost using standard
proteomic protocols, and only a limited number of pro-
teolytic peptides can be obtained (Klein et al. 2007). To meet
these challenges, we developed a protocol that is specifically
optimized for small proteins by avoiding sample loss by
a simple extraction method and a combined purification
and enrichment step using filtration (Miiller et al. 2010;
Materials and Methods). In order to improve the reliability
of our results, we applied two different buffer systems for
extractions, and for an improved coverage of peptides, we
used two different proteases. This strategy led to an increased
detection rate as well as to higher confidence in the hits by
confirmation in independent experiments.

Using this protocol, we were able to identify 455 small
molecular weight proteins (MW < 25 kDa) representing 27%
of the 1672 known E. coli proteins below this size listed in the
SWISS-PROT protein database (UniProt Consortium 2010).
In a search against the list of 35 newly predicted proteins, we
obtained evidence for the expression of seven candidates
(20%) (Supplemental Table 3). For the rest of the candi-
dates, we cannot distinguish whether they are false-positive
RNAcode predictions or false negatives in the MS experi-
ment. However, considering that the success rate of the MS
experiments is roughly the same on known and predicted
proteins (27% and 20%, respectively), we would expect a
good fraction of our candidates to be true proteins not
detectable by this particular growth conditions and MS
approach.

Although it is not possible to give a conclusive statement
on all predictions without additional experiments, compel-
ling evidence from evolutionary analysis, transcriptomics
data, and the MS experiments strongly suggests that several
of the candidates are bona fide proteins. Figure 5 shows two
examples in more detail. In both cases, RNAcode reported
short but statistically highly significant (p ~ 10~® and p ~
1075, respectively) signals between two well-annotated pro-
teins. The loci overlap with transcribed regions as deter-
mined by Cho et al. (2009). In addition, our MS experiments
detected several proteolytic fragments that can be assigned to
these proteins.

The coding potential of “‘noncoding” RNAs

In addition to assisting and complementing classical pro-
tein gene annotation strategies, a major area of application
of RNAcode is the functional classification of individual

www.rnajournal.org 585



586

Washietl et al.

3181000| 3181500/ 3182000/ 3182500 Py ———
" t D t R D—+—A—+—L L E —A—t R
K [€<Cec K< = R A E L L D A o a
Novel proteins predicted by RNAcode % 100%- b7 y8
b6-NH3
k <<<] 2 |
£ 5
Transcriptional Units (Cho et al.) g -
TU-1705 EEEEEEE SRR RS RS RER RS TU-4049 FEGTITIITIs E o na -
TU-4046 SEEEEX & % lu b6 BT Vo
4 |
\' “nJ ly.h\ f Wi :h | |
Genbank RefSeq Gene Annotations “., * : 800 ‘ 1000
b3040 |EEEEFEFEFFFFSFFFFE] PRIERY << cccccecececec | m/‘z

|[MEFIAWYWIVLIALVV VGYFLHLKRYCRAFR’EQDRDALLEARNKYLNSETREETAEKVE

HSS p =108

H

T B ERE B

C

DF R e

a0 7 T I W S B ) G (R ] R 0 P EEVR TR P [ IS WEN 75 BRI I BECE Bl T HE B9
213 ATGTTTATCGCCTGGTACTGGATTGTATTGATTGCTCTGGTTGTGGTGGGT TATTTCCTGCATTTGAAACGTTATTGTCGGGCGTTTCGCCAGGACAGAGACGCACTGCTTGAAGCGCGGAACAARTACTTAAACAGT
sdy ATGTTTATCGCCTGGTACTGGATTGTATTGATTGCTCTEGTTGTGGTGGGTITATTTCCTGCATTTGARACGTTATTGTCGG CC(TTTC‘C(‘C‘QFCQ.CRCAGACGCACTGCTTGAAGCGCGGMCA}\I\'[!‘\CTTI\A!‘\CAGT
efa ATGTTTATTGCCTGGTACTGGATTGTATTARNEGTICTGTTAGTIGGCEGETATTTICTTCATCTTARGCGTTACTGCAA. TGCTGGCTGGT] TAAGT--TAGAACATC
cka ATGTTT AchsCFTc;cm-rTGGCTCGTCTTAATTTTTCTGGTGMQG AGGETATTTTTGCCAT, ATGAAADGCTAT’J{'GTMGGCG’J."TTCGGCAGGACAGAGRTBQG"TGCTG"AARTC CTTCGTEGE
sea ATGTTTATTGCCTGGTATTGGATAATATTAATAGT TCTTGTCGTGATAGEGTATATITGCCATATGAAGCG T TGTTGCAAGGCGT T TCGECAAGACAGAGATGCATTACT TGAAGCG) TTTCGCCAA
sss ATGTTTATTGCCTGGTATTGGATAATATTAATCGTTCTGE! TAGGETATATTTGCCATATGARGCGT T ATTGCAGAGCGTT TCGGCAAGACAGAGATGCATTACT TGAAGCS TTTCGCCAG
ssa ATGTTTATTGCCTGGTATTGGATAATATTAATCGTTCTGGTGETAGTAGEGT ATATTTGCCATATGAAGCGTTATTGCAGAGCGTT TCGGCAAGACAGAGATGCATTACT TGAAGCG] TTICGCCAG
ssg ATGTTTATTGCCTGGTATTGGATAATATTAATCGT TCTGGTGETAGTAGEGTATATITGC CATATCAAGCG T TATTGCAGAGCGT T TCGECAGGACAGAGATGCATTACT TGAAGCT) TTTCGCCAG
sseé ATGITTATTGCCTGGTATIGGATAATATTAATEGTTCTGETGETAGTAGEGTATATITGC CATATGARGCG T TATPGCAGAGCGT TTCEECAGGACAGAGATGCATTACT TGAAGCG) TTTCGCCAG
ssd ATGITT M"rcccTtGmTTtr,mmmmmmcncmcmmcnmwuATTTGCCA ATGARGCGTTATTGCAGAGCGTTTCEGCAGGACAGAGATGCATIACT TGAAGCH GITTICGCCAG
B 1668000 1668500 1669000| 1669500 834.42 AMU. +2 H (Parent Error: -3.1 ppm)
3 M+16- L D + A t L L

S . 3 < 5 i _é' R L A D L T W16

Eim e

Novel proteins predicted by RNAcode 2
£ 7 y2 parents2res  na
(] e y6
Transcriptional Units (Cho et al.) T o
E parent+2H-NH3-64 na
TU-1025 R S S S S S SR S SR SIS SRITS TU- 1027 EEESEE o at v -
TU-3275 ZRERRSTY T i o “ Y5 b6
TU-3277 TRERRR - L Te2 i, vl [ 8] 0D |
o 100 200 300 400 500 600 700 800
m/z

Genbank RelSeq Gsne Annotatwons

b1597 EEEEEER]

MTLDALRE LAGASSILGWLLTLV

HSS p = 106

L R E L A G A S I L G
CTGCGGGAATTGGCTGGCGCTTCGTCTATTTTAGGA
BACCCGGGAATTCGCTEEEGCTTCGTCTATTTTAGGA
GTCMGGAAMKGCGGGCGAAG:QTCTATTCM-
GTCAGGGAATTGATG CTTCTTCCATCCTGG
ATCAGAGAAGTGATGGACGTCTCAAGCC
ATCAGAGAAGTCATGGGAGTATCAAGC
ATcmGAAmmATGGGCGMmchm

TCAGAGAAGTCA C
ATCAGAGAAGTTATGGGCGTA!
GTCNGAGTTGATGGGCMG!‘CMATTA

GTCAGAGAGCTGATGGGCTTGTC! T

number of mutations/column

L | |
3 2
Synonymous  NON-synonymous

out of frame
NNN synonymous mutation
NNN conservative mutation

FIGURE 5. Examples of novel short proteins in Escherichia coli. Sequence, genomic context, the high-scoring RNAcode segment, and fragment
ion mass spectra are shown. Genome browser screenshots were made at http://archaea.ucsc.edu (Schneider et al. 2006). Arrows within annotated
elements indicate their reading direction. The shading of mutational patterns was directly produced by the RNAcode program. The full species
names for the abbreviations can be found in Supplemental Table 1. The mass spectra are shown for two selected proteolytic peptides, which were
scored with 80% probability and used in combination with the detection of additional peptides to confirm the expression of the candidates (for
details, see Supplemental Table 3). The proteins shown in A and B correspond to candidates 28 and 19, respectively, listed in Supplemental Tables

2 and 3.

RNA, Vol. 17, No. 4




RNAcode

conserved or transcribed regions. As an illustrative example,
we analyzed the bacterial RNA C0343, which is listed in the
Rfam database (Gardner et al. 2009) as noncoding RNA
(ncRNA) of unknown function. The RNA originally detected
by Tjaden et al. (2002) is also detected as transcript in the
study of Cho et al. (2009) (Fig. 6). In our screen of the E.
coli genome, we found a high-scoring coding segment with
p ~ 107 overlapping the C0343 ncRNA. The prediction
corresponds to a potential ORF encoding 57 amino acids
(Fig. 6A; candidate 8 in Supplemental Table 2). Analysis
of the secondary structure using RNAz (Gruber et al. 2010)
does not give any evidence for a functional RNA. Given
the strong coding signal, we conclude that the “noncoding
RNA” C0343 is, in fact, a small protein. This is also
confirmed by our MS experiments that detected proteo-
lytic fragments of this protein in E. coli cells (Supplemental
Table 3).

To test RNAcode on another example from Rfam, we
analyzed RNAIII, an ncRNA known to regulate the expres-
sion of many genes in Staphylococcus aureus (Boisset et al.
2007). In addition to its role as regulatory RNA, the RNAIII
transcript also contains an ORF coding for the 26-amino-
acid-long delta-haemolysin gene (hld). We ran RNAcode
with standard parameters on the Rfam seed alignment.
It reports one high-scoring segment below a P-value cutoff
of 0.05, which corresponds to the hid gene (Fig. 6B). The
annotated alignment shows that the ORF is highly conserved
with only few mutations. Nevertheless, these few mutations
are sufficient to yield a statistically significant signal that
allows RNAcode to locate the correct ORF. Again, we also
ran RNAz on the alignment, which reports a conserved
RNA secondary structure with a probability of 0.99. The
combination of RNAcode and RNAz clearly shows the
dual function of RNAIII This example demonstrates how
RNAcode can assist the classification of ncRNAs in partic-
ular for non-standard and ambiguous cases (Dinger et al.
2008).

As another example, we analyzed the SR1 RNA of Bacillus
subtilis that was originally found by Licht et al. (2005) (Fig.
6C). Although the investigators noticed a potential short
OREF in the transcript, the corresponding peptide could not
be detected. Further experiments (Heidrich et al. 2006, 2007)
clearly showed a function of SR1 in the arginine catabolism
pathway by RNA/RNA interaction with the ahrC mRNA,
thus confirming its nature as functional noncoding RNA.
Using RNAcode, we found clear evolutionary evidence
for a well-conserved small peptide deriving from SR1 (p =~
10", arguing for a role as dual-function RNA. Only
recently, Gimpel et al. (2010) showed that the gapA operon
is regulated by a short peptide encoded in SR1, which exactly
corresponds to the high-scoring coding segment found by
RNAcode (Fig. 6C).

Finally, we analyzed the tarsal-less gene mentioned in the
Introduction (Galindo et al. 2007; Kondo et al. 2007). The
small peptides produced by this unusually organized poly-

cistronic gene were overlooked originally, and it was thought
to be noncoding. Analysis using RNAcode predicts three
significant high-scoring coding segments (P-values = 2.4 X
107>, 5.5 X 107>, 0.010) in this transcript, covering one
known peptide and partially covering a second. Using a re-
laxed P-value cutoff, four of the five known peptides are
identified (Supplemental Fig. 3).

Implementation and performance

RNAcode is implemented in ISO C. The program takes an
alignment in either CLUSTAL W format or MAF format
(popularized through the UCSC Genome Browser). It out-
puts relative coordinates and/or genomic coordinates of
predicted coding regions, the raw score, and the P-value in
either a human readable tabular format or as standard GTF
annotation format. In addition, RNAcode offers an option to
generate color annotations of the alignment. This kind of
visualization helps to quickly identify mutational patterns,
which allows visual discrimination between alignments of
high and low coding potential. RNAcode produces publica-
tion-quality vector graphics in Postscript (EPS) format (see,
e.g., Figs. 5, 6). To generate the color annotated images, it is
not enough to know just the region and score of the high-
scoring segments, but we also have to infer the state path that
led to this prediction. Therefore, we have also implemented
the backtracking step for the dynamic programming algo-
rithm. In addition to the mutation patterns, this allows
annotation of regions that are likely to be out-of-phase and
the location of potential sequence errors inferred by the
algorithm.

The dynamic programming algorithm used to score an
alignment of N sequences with # columns requires O(N - n*)
CPU time and memory. Large genomic alignments are
therefore broken up into windows of several hundred nu-
cleotides in length in practical applications (see Materials and
Methods). There is nothing to be gained by feeding RNAcode
with alignment windows that are longer than actual contig-
uous pieces of coding sequence.

The analysis of 1 Mb of Drosophila MultiZ alignments
with up to 12 species (10,426 alignment blocks) took 2 h and
6 min on a single Pentium 4 CPU running at 3.2 GHz. This
includes calculation of P-values with 100 randomizations
for all predictions. However, it is generally not of interest to
calculate exact P-values for hits that are clearly not statisti-
cally significant. Therefore, we added an option to stop the
sampling procedure as soon as too many of the random-
izations score better than the original alignment (e.g., for
1000 randomizations and a significance level of p < 0.05,
the sampling would stop after 50 random alignments with
a better score than the native alignment). Depending on the
density of coding regions in the input alignments, this simple
heuristic can speed up the process considerably. Using this
option, the 1 Mb of fly alignments could be scored in 1 h and
4 sec without any loss in sensitivity or specificity.
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FIGURE 6. Examples of ambiguities between the coding and noncoding nature of three RNAs. (A) The RNA C0343 from E. coli is listed as
a noncoding RNA in Rfam. However, it overlaps with an RNAcode-predicted coding segment. While there is no evidence for a RNA secondary
structure according to the RNAz classification value, the highly significant RNAcode prediction and MS experiments suggest that C0343 is an
mRNA and not an ncRNA. (B) RNAIII of Staphylococcus aureus (Rfam RF00503) contains a short ORF of a hemolysin gene. RNAcode predicts
the open reading frame at the correct position, while RNAz clearly detects a structural signal. These results are consistent with the well-established
dual nature of this molecule. (C) The Bacillus subtilis RNA SR1 is known to have function on the RNA level by targeting an mRNA. RNAcode
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DISCUSSION

We have introduced RNAcode as a comparative genomics
tool for the identification of protein-coding regions. Inspired
by our own experiences in analysis of comparative sequence
data in the context of ncRNA annotation, the design em-
phasized practicability and robustness and focused on the
single task of discriminating protein-coding from noncoding
regions. RNAcode therefore is not a gene-finder. By design, it
neither uses nor predicts any features related to transcript
structure such as splice sites, processing sites, or termination
signals. Its direct statistical model is based on universal
evolutionary signatures of coding sequence only. RNAcode is
therefore a true ab initio approach that can be applied to data
from all living species. In fact, it does not need any informa-
tion on the source of its input data, facilitating, e.g., the
application to meta-genomics data (Meyer et al. 2009; Shi
et al. 2009).

We evaluated a variety of alternative possible metrics and
algorithms, but found that pairwise BLOSUM-derived sub-
stitution scores together with the relatively simple gap
scoring scheme presented was the most efficient solution.
We were surprised that this algorithm also outperformed
more sophisticated phylogenetic models acting on the whole
tree. An exact dynamic programming scheme is used to
determine high-scoring coding blocks in the input alignment
in a way that is robust against sequence and alignment errors.

Although we do not include any species-specific features
such as codon usage or splicing signals, the approach shows
remarkable accuracy. Without any training or specifically
optimizing the parameters, RNAcode could successfully dis-
criminate between coding and noncoding regions in verte-
brates, insects, nematodes, yeasts, bacteria, and even archaea
that show a highly biased GC content. We also showed that
it can reproduce accurately the current annotation in D.
melanogaster and identified novel peptides in E. coli that have
previously evaded annotation in this intensively studied
organism. Case studies on individual examples of ncRNAs
showed that RNAcode can help to identify mis-annotated
ncRNAs and, in combination with RNAz, can identify dual-
function RNAs.

The high discrimination performance in combination
with accurate P-values, visualization, and the readily avail-
able open source implementation make RNAcode, we hope,
an attractive and easy-to-use solution for many different
applications in comparative genomics.

MATERIALS AND METHODS

Implementation details

To estimate the phylogenetic tree for the null model, we use a
maximum likelihood implementation provided by PHYML
(Guindon and Gascuel 2003). To simulate random alignments
along this tree, we use code from Seq-Gen (Rambaut and Grassly
1997).

As a technical detail, we note that our simulation procedure
does not simulate gap patterns. Instead, we simulate the align-
ments without gaps and introduce the original gap patterns
afterward. The P-values for true coding regions are thus conser-
vative because we use the coding gap pattern also for the back-
ground. There are algorithms to simulate the evolution of insertions
and deletions. However, it is hard to estimate realistic parameters for
these models, and thus we chose this conservative approach that has
been successfully used in other applications (Goldman et al. 1998;
Gesell and Washietl 2008).

We used the versions of the BLOSUM matrices that are
provided with the EMBOSS package (Rice et al. 2000). The
current implementation of RNAcode includes the EMBOSS62
and the EMBOSS90 matrices.

For fitting the extreme value parameters to the empirical score
distributions, we used an implementation from Sean Eddy’s
HMMER package (http://hmmer.janelia.org).

Alignment data and benchmarks

Multiple sequence alignments were downloaded from the UCSC
Genome Browser (http://genome.ucsc.edu; http://archaea.ucsc.edu).
We used the following assemblies, alignments, reference annota-
tions, and (if applicable) selected chromosomes, respectively: H.
sapiens: hg18, multiz18, UCSC Genes, chr22; D. melanogaster: dm3,
multiz15, FlyBase Genes (version 5.12), chr2L; C. elegans: ce6,
multiz6, WormBase Genes (version WS190), chr5; S. cerevisiae:
sacCerl, multiz7, SGD Genes (version from 01/30/2009), chr4;
E. coli: eschColi_K12, multizEnterobacteria, GenBank RefSeq; M.
jannaschii: methJannl, multizMethanococcus, GenBank RefSeq.
All data from UCSC were downloaded around the middle of 2009.

To generate the positive test set of known exons, we first ex-
tracted alignment blocks corresponding to the annotated exons in
the reference annotation. If an exon was covered by several blocks,
these were merged. If the resulting alignment was longer than 200
columns, we only used the first 200 columns. As negative control,
we selected a comparable number of random blocks that do not
overlap annotated coding exons or repeats.

For the tests shown in Figure 4, we selected from the complete
set of coding exons a balanced subset of alignments of varying
window length (30 nt, 60 nt, 90 nt), varying number of sequences
(N = 2, 4, 8), and mean pairwise identity (60%-100%). We
discarded alignment windows that contained gaps and stop
codons in any of the sequences so that they could be directly
analyzed using PAML. It is unclear how to handle frameshifts and
internal stop codons when calculating a phylogenetic model using
PAML, which is not gene-finding software per se. By limiting the
analysis to in-frame-aligned sense codons, we ensure a fair com-
parison to RNAcode that can take advantage of information in
gap patterns and stop codons. To calculate the dN/dS ratio, we
used the codeml program with the default codon model (“model
07). The periodicity score is calculated as the log-likelihood ratio
between two models. As the null model, we used an HKY nu-
cleotide substitution model (“model 4” in PAML’s baseml) with
equal rates for each site. The alternative model considers three rate
classes in a periodic pattern *“.. . ABCABCABC. ..”. The maximum
likelihood tree under this model was calculated using the partition
model functions of baseml. We used the option “Mgene = 0”
keeping all other parameters (k and ) of the HKY model con-
stant in all three rate classes. The results in Figure 4 are shown for

www.rnajournal.org 589



Washietl et al.

length = 30; sets of length 60 and 90 show qualitatively similar
results but saturate earlier to perfect discrimination (data not
shown).

E. coli screen

For the screen of novel proteins in the E. coli genome, we generated
multiple sequence alignments of our own because we noticed that
the available alignments at UCSC missed many known coding
regions. Moreover, we wanted to improve the evolutionary signal
by adding additional species. We used the MultiZ alignment
pipeline to align 54 species available from GenBank (Supplemental
Table 1).

We then screened the alignments using the default parameters
of RNAcode and a P-value cutoff of 0.05. This resulted in 20,528
high-scoring coding segments. This number is much higher than
the actual number of ORFs mainly because the MultiZ alignments
of such a high number of species fragmented the ORFs into rel-
atively small blocks. We combined high-scoring coding segments
if they were closer than 15 nt apart and in the same frame, yielding
6542 regions. We discarded all regions that overlapped with an
annotated ORF, leaving 229 regions. For these regions, we inferred
potential ORFs starting with an ATG and ending in a canonical
stop codon. If we did not find an ORF within the RNAcode high-
scoring segment, we extended the prediction by 51 nt upstream
and downstream and repeated the search. We found 35 loci with
a potential ORF (Supplemental Table 2).

Transcriptomics data

The analysis of Cho et al. (2009) represents a comprehensive
transcription map for E. coli. The corresponding supplemental
data were downloaded from http://systemsbiology.ucsd.edu/
publication and the Gene Expression Omnibus web page http://
www.ncbinlm.nih.gov/geo/. The data were converted into BED
and WIG formatted files and loaded as custom tracks into the
UCSC for visualization and comparison to the novel predicted
proteins.

Mass spectrometry experiments
Cell growth

E. coli strain K12 cells were grown in LB medium to stationary
phase. One liter of fresh medium was inoculated with 100 mL of
a starter culture grown under the same conditions. Cells were
collected by centrifugation (10 min, 8000g, 4°C).

Protein preparation

Cells were resuspended in urea lysis buffer (40 mL, 8 M urea, 10
mM DTT, 1 M NaCl, 10 mM Tris/HCl at pH 8.0) (Klein et al.
2007) or acidic lysis buffer (40 mL, 0.1% TFA) (Dai et al. 1999)
and disrupted using ultrasonication (5 min, 50% duty cycle,
Branson Sonifier 250; Emerson, USA). Cell debris was removed
by centrifugation (15 min, 10,000g, 4°C). High-molecular-weight
proteins were depleted by centrifugation through a filter mem-
brane (cutoff molecular weight 50 kDa, Pall Macrosep 50K; Pall
Life Science, USA) (Harper et al. 2004). The flow-through was
split into aliquots of 1200 wL. Where TFA was used for cell lysis,
the samples were titrated to neutral pH by adding NH,HCO;
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(final concentration 250 mM), and protein disulfide bonds were
reduced by adding DTT (10 mM). Cysteine alkylation was
conducted by adding 2-iodoacetamide (51.5 mM) and incubation
for 45 min at room temperature in the dark.

Gel electrophoresis

Prior to protein separation by 1D gel electrophoresis, the proteins
were desalted and concentrated by TCA precipitation (final
concentration 20% [w/v]). The protein pellet was redissolved
with SDS loading buffer (2% [w/v] SDS, 12% [w/v] glycerol, 120
mM 1,4-dithiothreitol, 0.0024% [w/v] bromophenol blue, 70 mM
Tris/HCl) and adjusted to neutral pH by adding 10X cathode
buffer solution (1 M Tris, 1 M Tricine, 1% [w/v] SDS at pH 8.25).
Gel electrophoresis was performed according to Schigger (2006)
(with slight modifications). In brief, a 20% T, 6% C separation
gel combined with a 4% T, 3% C stacking was used. As protein
marker, a prestained low-molecular-weight protein standard (mo-
lecular weight range 1.7 kDa—42 kDa, multicolor low-range pro-
tein ladder; Fermentas, Germany) was applied. For each cell lysis
experiment, eight aliquots were used, of which two were stained
with colloidal Coomassie, two were stored as a reserve, and four
were used for further analysis. Nine gel slices per lane were excised
between 1 and 25 kDa and used for in-gel digestion.

Protein digestion

The gel slices were washed twice with water for 10 min and once
with NH,HCO; (10 mM). The low-molecular-weight proteins
were digested by adding modified porcine trypsin (100 ng; Sigma-
Aldrich) or endoprotease AspN (100 ng; Sigma-Aldrich) in NH,;HCO;
(10 mM, 30 pL volume). Digestion was performed overnight at
37°C. The supernatant and the solutions from two subsequent gel
elution steps (first elution step 40% [v/v] acetonitril, second elution
step 80% [v/v]) were collected and united. The samples were dried
using vacuum centrifugation.

Mass spectrometry

For validation of the existence of the predicted protein by mass
spectrometry, an unbiased bottom-up approach and a targeted
analysis were applied. Peptides were reconstituted in 0.1% formic
acid. Samples were injected by the autosampler and concentrated
on a trapping column (nanoAcquity UPLC column, C18, 180 pm X
2 cm, 5 wm; Waters) with water containing 0.1% formic acid at
flow rates of 15 wL/min. After 4 min, the peptides were eluted
onto the separation column (nanoAcquity UPLC column, C18, 75
pm X 250 mm, 1.7 pm; Waters). Chromatography was per-
formed with 0.1% formic acid in solvents A (100% water) and B
(100% ACN). Peptides were eluted over 90 min with an 8%-40%
solvent B gradient using a nano-HPLC system (nanoAcquity;
Waters) coupled to an LTQ-Orbitrap mass spectrometer (Thermo
Fisher Scientific). For an unbiased analysis, continuous scanning
of eluted peptide ions was carried out between m/z 350 and 2000,
automatically switching to CID-MS/MS mode upon detection of
ions exceeding an intensity of 2000. For CID-MS/MS measure-
ments, a dynamic precursor exclusion of 3 min was applied. For
a targeted analysis, a scan range of m/z = 400-1800 was chosen.
CID-MS/MS measurements were triggered if a precursor of a
given inclusion list was measured with an error of <20 ppm. The
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inclusion lists contained all theoretically proteolytic peptides
within a molecular weight range of 600 Da to 4000 Da of all
predicted proteins considering methionine oxidation, cysteine
carbamidomethylation, and up to one (for trypsin) or three (for
AspN) proteolytic miscleavages.

Data analysis

Raw spectra were analyzed with ProteomeDiscoverer 1.0 software
(Thermo Fisher Scientific, USA). Mascot (Perkins et al. 1999),
Sequest (Yates et al. 1995), and X!Tandem (Craig and Beavis 2004)
searches were conducted on a protein sequence database, which
contains all sequences predicted by RNAcode (RNAcode database)
as well as on an extended SWISS-PROT database containing pro-
tein sequences predicted by RNAcode and all validated proteins
of Hemm et al. (2008). The searches were performed tolerating up
to one proteolytic missed cleavage, a mass tolerance of 7 ppm for
precursor ions, 0.5 Da for MS/MS product ions allowing for
methionine oxidation (optional modification), and cysteine car-
bamidomethylation (fixed modification). Scaffold (version Scaffold_
2_06_00; Proteome Software Inc.) was used to validate MS/MS-
based peptide and protein identifications. Peptide identifications
were accepted if they could be established at >50% probability as
specified by the Peptide Prophet algorithm (Keller et al. 2002).
Protein identifications were categorized to be unambiguously iden-
tified if they could be established at >99% probability and con-
tained at least two identified peptides that had to achieve a score
higher than 80%. Less stringent evidence for proteins was assigned
if two peptides were observed with at least one peptide scored
higher than 80% and the protein identification probability exceeds
90%. Protein probabilities were assigned by the Protein Prophet
algorithm (Nesvizhskii et al. 2003). Additionally, the fragment
spectra were checked manually.

Availability

RNAcode is open source software released under the GNU general
public license version 3.0. The latest version is available at http://
wash.github.com/rnacode.

The package includes a “Getting Started” guide that describes
all steps involved in using RNAcode, including obtaining an
alignment for analyses that start with a single sequence that is to
be assessed for coding potential.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article. Additional data
files can be downloaded from http://www.tbi.univie.ac.at/papers/
SUPPLEMENTS/RNAcode.
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APPENDIX: DYNAMIC PROGRAMMING
ALGORITHM

In the following, we formally describe the algorithms implemented
in RNAcode. The core algorithm is a dynamic programming
algorithm to find the optimal score for a pairwise alignment from
all possible interpretations of the aligned sites as in-frame codons,
out-of-frame codons, or sequence errors (cf. Fig. 2). The scores
from pairwise alignments are then combined to find optimal
scoring segments in a multiple alignment.

We start from a fixed multiple sequence alignment A and assume
that the first row is the reference sequence. The projected pairwise
alignment of the reference sequence with sequence k is denoted by A*.
Now consider a position i in the reference sequence. It corresponds
to a uniquely determined alignment column «(i), which, in turn,
determines i, the last position of sequence k that occurs in or before
alignment column «(i).

Suppose i is a third codon position. Then the alignment block
A [a(i — 3) + 1, a(i)] corresponds to the (potential) codon ending
in i. We define a score:

of = score(Ak[a(i =3)+1,a(i)]). (3)

In the ungapped case, o is the normalized BLOSUM score
that was introduced in the main text. Let g5 denote the number of
gaps in sequence k in this block. We observe that sequences 1
(reference) and k stay in-frame if and only if g¥ — g} = 0, mod 3.
Otherwise, the two sequences change their phase within this
interval. The local shift in frame between sequence k and the
reference sequence is therefore:

0 ifgf—g/=0 mod 3
Z={ +1ifgh—¢gl =1 mod 3 (4)
—lifgf—¢gl=2 mod 3

As discussed in the main text, alignment errors or sequence
errors may destroy coherence between aligned codons and give
zF # 0. Therefore, we introduce the penalties (negative scores)
for switching from in-frame to out-of-frame or back, as well as @
for every out-of-frame codon in between, and A for silently
changing the phase and assuming subsequent codons are still in-
frame (sequencing error). All penalties are negative; in particular,
1A<Q<w<0. Furthermore, we set g% = —% if zf # 0 to mark the
fact that we lose coherence of the frame and force the algorithm to
select a frameshift or sequence error penalty and not a substitution
score that would be meaningless for out-of-frame triples.

Having defined all possible states and the associated scores, we
now describe a dynamic programming algorithm to calculate the
optimal score for a pairwise alignment. Let ng be the optimal
score of the pairwise alignment Afa(b), ald)] subject to the
condition that i is a third codon position and sequence k ends in-
frame, i.e., also with a third codon position. Analogously, we
define S;,‘ik and S;;k for those alignments where sequence k ends
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FIGURE 7. Finite state automaton representing the scoring of
pairwise alignments. The three states correspond to the relative phases
of the sequences. Insertions and deletions with z # 0 lead to local
changes in-phase that are penalized by (). Extension in each of the two
out-of-frame states S* and S~ is penalized by w. In/dels interpreted as
sequencing errors or true frameshifts are penalized by A.

in the first and second codon position, respectively. Clearly, we
initialize S\ = 0for x € {0,+, —}.
The entries in these matrices satisfy the following recursions:

52‘513 —i—o’i< ifzf =0
0.k
S5 t+A,
ok max{ 7T if b =41
Spi = Spis +8 (5)
k
SUEFA,
max{ T2k =1
Spis T

The expressions for the two out-of-frame scores are analogous.
We show only one of them explicitly:

S;;E3+w ifzi-‘ZO
YA ¢}
o max 11’1(’3 if 2F = +1
Sh,i = Sb.,i—3 +A (6)
SHE FA
max ’i;{’3 if Z:-( =—1
Shios +Q)

A state diagram corresponding to the above algorithm is shown
in Figure 7. As presented here, the algorithm assumes that any
sequence errors (penalized by A) occur in sequence k, not in the
reference.

Now we determine the optimal score Sj; of the multiple
alignment Af[a(b), a(i)], subject to the condition that b is a first
codon position and i is a third codon position.

592 RNA, Vol. 17, No. 4

max Sif"ik
S, = k>1 x{0+ -1 7 7
pi = Max Sh,i—l +A ( )
Sb,ifz +A

The second and third terms here correspond to frameshifts in
the reference sequence.

It is easy now to determine the best scoring segment(s) of A
from the maximal entries in the matrix (Sy;). If we were to score
only pairwise alignments, it would be possible to use a local
alignment-like algorithm that does not keep track of the beginning
of the segment, b. In the multiple alignment, however, the
individual pairwise alignments are constrained by the requirement
that a coding segment starts in the same column for all sequences,
forcing us to keep track of b explicitly. The algorithm scales as
O(N - n?) in time and space, where 7 is the length of the reference
sequence and N the number of rows in the alignment.
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Abstract

Correct annotation of protein coding genes is @mdof conventional data analysis in prote-
omic studies. Nevertheless, most protein sequestaddses almost exclusively rely on gene
finding software and inevitably also miss protemmatations or possess errors. Proteoge-
nomics tries to overcome these issues by matchigidta directly against a genome se-
guence database. Here we report an in-depth prerieoagcs study ofielicobacter pylori

strain 26695. MS data was searched against a cenhbiztabase of the NCBI annotations and
a six-frame translation of the genome. Databaselses with Mascot and X! Tandem re-
vealed 1115 proteins identified by at least twotjoles with a peptide false discovery rate
below 1%. This represents 71% of the predictedgoroe. So far this is the most extensive
proteome study of Helicobacter pylori. Our protea@aic approach unambiguously identi-
fied four previously missed annotations and fumhane allowed us to correct sequences of
six annotated proteins. Since secreted proteineftar involved in pathogenic processes we
further investigated signal peptidase cleavags.siBg applying a database search that ac-
commodates the identification of semi-specific etghpeptides, 63 previously unknown sig-
nal peptides were detected. The motif LXA showebddhe predominant recognition se-
guence for signal peptidases.
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ABSTRACT

Correct annotation of protein coding genes is the basis of conventional data analysis in
proteomic studies. Nevertheless, most protein sequence databases almost exclusively rely
on gene finding software and inevitably also miss protein annotations or possess errors.
Proteogenomics tries to overcome these issues by matching MS data directly against a
genome sequence database. Here we report an in-depth proteogenomics study of
Helicobacter pylori strain 26695. MS data was searched against a combined database of the
NCBI annotations and a six-frame translation of the genome. Database searches with
Mascot and X! Tandem revealed 1115 proteins identified by at least two peptides with a
peptide false discovery rate below 1%. This represents 71% of the predicted proteome. So far
this is the most extensive proteome study of Helicobacter pylori. Our proteogenomic
approach unambiguously identified four previously missed annotations and furthermore
allowed us to correct sequences of six annotated proteins. Since secreted proteins are often
involved in pathogenic processes we further investigated signal peptidase cleavage sites. By
applying a database search that accommodates the identification of semi-specific cleaved
peptides, 63 previously unknown signal peptides were detected. The motif LXA showed to
be the predominant recognition sequence for signal peptidases.

Biological significance
The results of MS-based proteomic studies highly rely on correct annotation of protein coding genes
which is the basis of conventional data analysis. However, the annotation of protein coding sequences

* Corresponding author at: Department of Proteomics, UFZ, Helmholtz-Centre for Environmental Research, Permoserstr. 15, 04318 Leipzig,
Germany. Tel.: +49 341 2351354; fax: +49 341 2351786.
E-mail address: stefan.kalkhof@ufz.de (S. Kalkhof).

1874-3919/$ - see front matter © 2013 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.jprot.2013.04.036


http://dx.doi.org/10.1016/j.jprot.2013.04.036
mailto:stefan.kalkhof@ufz.de
http://dx.doi.org/10.1016/j.jprot.2013.04.036

28

JOURNAL OF PROTEOMICS 86 (2013) 27-42

in genomic data is usually based on gene finding software. These tools are limited in their prediction
accuracy such as the problematic determination of exact gene boundaries. Thus, protein databases
own partly erroneous or incomplete sequences. Additionally, some protein sequences might also be
missing in the databases.

Proteogenomics, a combination of proteomic and genomic data analyses, is well suited to
detect previously not annotated proteins and to correct erroneous sequences. For this
purpose, the existing database of the investigated species is typically supplemented with a
six-frame translation of the genome. Here, we studied the proteome of the major human
pathogen Helicobacter pylori that is responsible for many gastric diseases such as duodenal
ulcers and gastric cancer. Our in-depth proteomic study highly reliably identified 1115
proteins (FDR < 0.01%) by at least two peptides (FDR < 1%) which represent 71% of the
predicted proteome deposited at NCBI.

The proteogenomic data analysis of our data set resulted in the unambiguous identification
of four previously missed annotations, the correction of six annotated proteins as well as
the detection of 63 previously unknown signal peptides. We have annotated proteins of
particular biological interest like the ferrous iron transport protein A, the coiled-coil-rich
protein HP0058 and the lipopolysaccharide biosynthesis protein HP0619. For instance, the
protein HP0619 could be a drug target for the inhibition of the LPS synthesis pathway.
Furthermore it has been proven that the motif “LXA” is the predominant recognition
sequence for the signal peptidase I of H. pylori. Signal peptidases are essential enzymes for
the viability of bacterial cells and are involved in pathogenesis. Therefore signal peptidases
could be novel targets for antibiotics. The inclusion of the corrected and new annotated
proteins as well as the information of signal peptide cleavage sites will help in the study of

biological pathways involved in pathogenesis or drug response of H. pylori.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The first DNA-based genome was sequenced by Frederick
Sanger in 1977 [1]. At the start of this development, genome
sequencing was restricted to rather small genomes. Further
developments such as computer-based alignment of shotgun
fragments [2] and the polymerase chain reaction [3] rendered
genome sequencing into a well automated and cost-effective
high-throughput method. Hence, hundreds of additional
genomes will be sequenced and have to be analyzed within
the next years.

Annotation of protein coding sequences in genomic data is
usually based on gene finding software such as IMG [4], RAST
[5], Glimmer [6], or GeneMark [7]. These tools are limited in
their prediction accuracy. For example, it is typically prob-
lematic to determine exact gene boundaries. This limitation
can be partially overcome by the use of additional information
such as regulatory motifs like ribosome binding sites, which
are normally located in vicinity of open reading frames.
However, many exceptions to the classical translation initia-
tion model are known [8]. The previously underestimated
number of leaderless mRNAs in various species is only one
example [9-11]. Beyond annotation problems, there is also the
problem of missing functional information. Although sub-
stantial effort is spent on functional assignment, even for the
model organism Helicobacter pylori 26695 about 33% of protein
coding genes still belong to the class of hypothetical proteins
[12]. Furthermore, most tools use a minimum open reading
frame length cutoff, typically of 300 nucleotides, in order to
keep the false discovery rate low [13]. As a consequence, short
protein coding genes with less than 100 amino acids that are
expressed and functional are lacking in the annotation [14]. In

eukaryotes, additionally the prediction of alternative splice
variants for commonly used software packages is challenging.
Furthermore, the results of standard gene annotation algo-
rithms differ from each other [15]. Dependent on the method,
automatic predictions that differ by the limitations of the
applied approach, protein sequences are deposited in data-
bases such as NCBI or UniProt. These problems create
the need for improving the existing protein coding gene
annotations [16,17]. A complementary approach to commonly
used protein coding gene annotation methods is applied by
the software RNAcode [17]. It neither relies on splicing, on
training data nor on species specific gene features such as
open reading frame detection or sequence motifs necessary
for ribosome binding. RNAcode simply analyzes a multiple
alignment of nucleotide sequences by means of a statistical
framework that compares nucleotide variation and the
implied amino acid variation in all six possible reading frames
to detect high scoring segments in which synonymous sub-
stitutions or insertions or deletions that preserve the reading
frame, i.e., typical for conserved protein coding regions, are
overrepresented.

Comparative genomic studies of different H. pylori strains
already investigated differences of current coding sequence
annotations [12,18,19]. Medigue et al. [18] identified putative
DNA sequencing errors which result in missing or erroneous
protein annotations. On the other hand, Boneca et al. [12]
focused on the functional annotation and reported length
differences of existing coding sequences of the strains 26695
and J99. The sources of size variation were classified due to
nucleotide insertions/deletions, different start or stop codons,
intragenic frame-shifts, slipped-strand mispairing mecha-
nisms originated from homopolymeric repeats as well as
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pseudogenes. Moreover, Sharma et al. [20] provided a list of
re-annotated protein coding genes based on transcriptome
data. However, only minor parts of these results were used to
improve protein databases.

High quality protein databases are the fundament of
proteomic studies. Missing annotations or erroneous annotated
protein sequences lead to decreased protein identification rates
in classical shotgun proteomic studies that exclusively rely on
database searches of MS data. The combination of proteomics
and genomics, called proteogenomics, has been proven to be
well suited for confirming predicted genes, correct starting and
stop sites of genes and in identifying new genes and splicing
variants. [21-30].

In a typical proteogenomic approach, an existing protein
sequence database is complemented by a six-frame transla-
tion of the whole genome to generate a comprehensive
database. Transcriptome data can also be used to improve
and extend the database [20]. In particular, database refine-
ment for eukaryotes benefits from transcriptome data due to
the inclusion of additional splice variants [28]. The identifica-
tion of peptides supporting unique sequences within the
six-frame translation is of great interest. Peptides located at
the N- or C-terminal of an annotation can be used to correct
the translation start and stop sites, while novel genes can be
found as peptide sequences mapping to intergenic regions
[21,24]. Peptides within annotated intronic regions can be
used to identify new exons in eukaryotes. Novel splice
variants can be identified either by exon-exon spanning
peptides or by fragments that map to intergenic regions and
which are subsequently connected to an existing gene [28,31].

The ongoing development of MS has made it possible to
acquire spectra with high resolution, high mass accuracy and
fast scanning speed [32]. The introduction of nano-UHPLC
[33,34], multidimensional LC [35] as well as the application of
ultra-long gradients [36] or long monolithic columns [37] for
peptide separation enable LC-MS/MS analyses to dig deeper
into the proteome. Cell compartment [38,39] or protein
fractionation [40-42] prior to proteolytic digestion, as well as
the application of multiple proteases [42,43] are widely used
strategies to further improve the proteome coverage.

As a consequence of this development whole proteomes
can be nearly completely covered in proteomic studies [44,45].
Recently, Nagaraj et al. [46] identified 10,255 proteins encoded
by 9207 genes using a human cancer cell line. For this
approach, three different proteases and fractionation on the
protein and peptide level prior to LC-MS/MS analysis were
applied. Comparison with transcriptome data (16,846 tran-
scripts, 11,936 genes) derived from RNA-Seq [47,48] proved the
high coverage. This project demonstrates that nowadays even
coverage of complex proteomes such as the one expressed in
human of up to 77% is achievable by shotgun proteomics
using extensive fractionation and subsequent state of the art
mass spectrometric analysis.

Here, we present the results of an in-depth proteome study
of H. pylori strain 26695. We combined a GeLC-MS procedure
and an offline 2D-LC-MS approach using size exclusion
chromatography (SEC) of proteins focused on low molecular
weight (MW) proteins of less than 25kDa in the first
dimension. Overall, 1115 proteins or 71% of the predicted
proteome deposited at NCBI were identified based on at least

two peptides with a false discovery rate (FDR) below 1%,
respectively. Furthermore, proteogenomic analysis revealed
ten proteins with either none (four) or incomplete (six)
annotation. These protein coding sequence corrections were
partially confirmed by comparison of MS/MS spectra with *C-
and '°N-labeled synthetic peptides. Additionally, 63 previously
unknown signal peptide sequences could be annotated by
MS/MS spectra with a search strategy allowing for semi-
specific cleaved peptides and revealed the predominant
recognition motif LXA for signal peptidases. The results of
this study are deposited at http://www.bioinf.uni-leipzig.de/
publications/supplements/12-023/ and are linked to the
UCSC microbial genome browser [49].

2. Materials and methods
2.1. Cell culture

H. pylori strain 26695 from cryostock was grown on GC-Agar plates
(Oxoid) supplemented with 10% heat-inactivated donor horse
serum (Biochrom AG), 1% vitamin mix, 10 pg ml~* vancomycin,
5 ug ml~* trimethoprim and 1 ug ml~* nystatin. After incubation
for 1-2 days in anaerobic jars under microaerophilic conditions
(CampyGen bags from Oxoid (CN0025A) providing atmosphere of
10% CO, and 6% O,), bacteria were restreaked to fresh plates.
For liquid culture, bacteria were harvested from plate and
resuspended to a final ODgpo nm Of 0.02 per ml in 50 ml Brain
Heart Infusion medium (BHI) supplemented with 10% FCS
and the same antibiotics as described above. Bacteria were
grown under agitation at 140 rpm in jars under microaerophilic
conditions (same conditions like above) to the transition from
exponential to stationary phase. For the proteomic analysis,
H. pylori cells were collected by centrifugation (4000x g, 10 min,
4°C) and washed twice with ice-cold PBS prior to protein
extraction and pre-separation. Two biological replicates were
used for the proteomic analysis.

2.2. Protein extraction and preseparation

Cells were lysed in a urea buffer as previously described [42].
Cell debris and undissolved material were removed by centri-
fugation (10 min, 16,000 xg, 18 °C). Protein concentrations were
measured with the Bradford QuickStart assay (Biorad, Hercules,
CA, USA). An amount of 60 pg protein per biological replicate
was precipitated with acetone. The resulting protein pellets
were redissolved in 20 ul Ldmmli-buffer and subjected to
1-D-SDS PAGE (12% separation gel, 4% stacking gel). The gel
was fixed in fixing-solution for 1 h (50% methanol, 10% acetic
acid, 100 mM ammonium acetate) and stained with Coomassie
(0.025% Coomassie G250 in 10% acetic acid).

SEC was used to enrich and preseparate the low MW
proteome of H. pylori. Cell lysates were filtered with 0.2 um
syringe filter (VWR, Germany). SEC was performed on a HPLC
system (Prominence, Shimadzu, Japan) with a Biosep S-2000
SEC column (ID 4.6 mm, length 30 cm, Phenomenex, USA).
Separation was carried out isocratic at 20 °C and at a flow of
0.35 ml/min of mobile phase (50 mM phosphate buffer pH = 7,
25% v/v acetonitrile (ACN), 100 mM NaCl, 2 M urea, 5 mM
DTE). 100 pl cell lysate (protein conc. about 1 mg/ml) was
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injected per run. Eight fractions, each one minute sampling
time, were collected automatically after a dead time of 9 min
(Waters fraction collector III, Waters, Milford, MA, USA). 16
runs were pooled to achieve a valuable amount of protein for
subsequent analysis.

The last four fractions, representing proteins below
25 kDa, were used for further analysis. ACN was removed by
vacuum centrifugation (Concentrator plus, Eppendorf, Ham-
burg, Germany) and sample volume was reduced to 50%.
Samples were concentrated and cleaned by C-18 spin columns
(Pepclean C-18 Spin Columns, Pierce, USA) according to
the manufacture’s instruction with slight modifications. In
brief, elution of proteins was carried out in four stages with
increasing ACN content (30%, 50%, 70%, 90% ACN supplied
with 0.1% formic acid). The protocol was repeated once again
with the flow through of the first binding step. The combined
eluates of each SEC fraction were dried by vacuum centrifu-
gation for further usage.

2.3. Proteolytic digestion

The protein lanes of the 1-D-SDS PAGE were cut into 20 slices
of equal size. In-gel digestion with trypsin was performed as
previously described [50]. Peptide eluates were dried in a
vacuum centrifuge and redissolved in 0.1% formic acid.

Concentrated and dried SEC fractions were redissolved in
6 M urea containing 100 mM NH4HCO5. Samples were titrated
with 1 M NH4HCO; to a pH of 8. Cysteines were alkylated using
DTT (2 pmol, 37 °C, 30 min) and IAA (8 umol, room tempera-
ture, in the dark). Excess of IAA was removed by the addition
of DTT (4 pmol). 10 pg of each protein fraction was separately
digested with trypsin, LysC and AspN (sequencing grade,
Roche, Mannheim, DE) with an enzyme to protein weight ratio
of approximately 1:20. Protein digestion was stopped by the
addition of formic acid (final concentration 1% (v/v)). Proteo-
lytic peptides were dried by vacuum centrifugation and
resuspended in 0.1% formic acid.

2.4.  LC-MS/MS analysis

LC-MS/MS analysis was carried out on a nano-HPLC system
(nanoAquity, Waters, Milford, MA, USA) coupled online to a
LTQ Orbitrap XL ETD mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA) via a chip-based nano-ESI source
(TriVersa NanoMate, Advion, Ithaca, NY, USA). Peptide solu-
tions were injected on trapping column (nanoAquity UPLC
column, C18, 180 pm x 20 mm, 5 um, Waters) and washed for
8 min with 2% (v/v) ACN containing 0.1% (v/v) formic acid with
a flow of 15 pl/min. After washing, peptides were separated
on a nano-UPLC column (nanoAcquity UPLC column, C18,
75 pm x 150 mm, 1.7 pm, Waters). Peptides were eluted by
a gradient from 2 to 40% (v/v) ACN containing 0.1% (v/v)
formic acid (2 min, 2%; 7 min, 6%; 105 min, 20%; 148 min, 30%;
191 min, 40%) with a flow of 300 nl/min.

Peptides were ionized by the nano-ESI source with a voltage
of 1.7 kV in positive ion mode. MS analysis switched automat-
ically between full scan MS mode (m/z 400-1400, R = 60,000,
orbitrap analyzer) and acquisition of fragment ion spectra (linear
ion trap analyzer). Peptide ions with intensities above 3000
counts were chosen for collision induced dissociation within the

linear ion trap (isolation width 4 amu, normalized collision
energy 35%, activation time 30 ms, activation Q 0.25).
Formerly selected precursor ions were dynamically excluded
for 5 min.

Additionally, retention time dependent exclusion lists
were used for the measurement of SEC samples. Separate
exclusion lists were created for the two biological samples as
well as for the different proteases. Therefore a database
search against a NCBI database containing all proteins of
H. pylori strain 26695 (NC_000915; 03.03.2011) with Proteome
Discoverer (version 1.0; Thermo Fisher Scientific, San Jose, CA,
USA) using the Mascot (version 2.3.01; Matrix Science, London,
UK) search algorithm was performed. A precursor ion toler-
ance of 5 ppm and a fragment ion tolerance of 0.5 Da were
defined. Carbamidomethylation of cysteines was specified as
fixed modification whereas oxidation of methionines was
adjusted as variable modification. Peptides exceeding an
ion score of 20 were excluded by m/z values with a deviation
of +£10 ppm and a retention time window of +5 min. The
measurements were started with the fractions of the highest
MW.

Additionally, we integrated MS data published by Jungblut
et al. [51] to further complement and validate our results. This
dataset was obtained by MALDI-MS measurements of 2-DE
separated proteins (710 spots) and by high-throughput using
the GeLC-MS approach for different samples.

2.5. Database construction

The H. pylori genome and all annotated protein sequences
have been downloaded from NCBI (NC_000915; 03.03.2011).
In order to generate a comprehensive database for the
subsequent analysis the annotated protein sequences were
concatenated with a six-frame translation of the complete
genome. For each frame nucleotide triplets are translated
into the corresponding amino acid. If a triplet contains
non-canonical nucleotides, i.e. other than A, C, Gand T, itis
translated into X. The one-letter code X is replaced by all 20
canonical amino acids in database searches to test all
possibilities. Peptides containing more than one X are
discarded for database searches. The amino acid chain is
terminated if a triplet encodes a canonical stop codon. All
chains shorter than six amino acids are rejected.

2.6. Initial database search

The spectrum files from our experiments were recalibrated using
the “first search” option of Maxquant 1.1 (version 1.1.1.25, Max
Planck Institute of Biochemistry, Munich, Germany) with the
NCBI database of H. pylori strain 26695 (NC_000915; 03.03.2011).
Resulting apl files were converted into mgf file format. Database
searches were performed with the Mascot (version 2.3.01,
Matrixscience, London, UK) and the X! Tandem (The GPM,
thegpm.org; version CYCLONE (2010.12.01.1)) search engines
against a reverse concatenated NCBI database of H. pylori strain
26695 (NC_000915; 03.03.2011) complemented with a six-frame
translation of the genome (131,190 target and 131,190 decoy
entries).

Mascot and X! Tandem were searched with a precursor
tolerance of 5 ppm and a fragment ion mass tolerance
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of 0.5 Da. Carbamidomethylation of cysteines was specified as
a fixed modification. Oxidation of methionine was defined as a
variable modification. For AspN digestions, pyroglutamate
formation of glutamic acid and glutamine at the peptide
N-terminus was specified as additional variable modifications.
Two missed cleavages were allowed for trypsin and LysC,
whereas three were set for AspN.

Scaffold (version 3.4.9, Proteome Software Inc., Portland,
OR, USA) was used to validate MS/MS based peptide and
protein identifications. Protein and peptide FDRs were calcu-
lated according to Kall et al. [52].

Peptide identifications required at least Mascot ion scores
greater than both the associated identity scores and 25 or X!
Tandem - Log(Expect Scores) scores greater than 1.95. Protein
identifications were accepted if they contained at least two
unique peptides in a single experiment. Proteins that con-
tained similar peptides and could not be differentiated based
on MS/MS analysis alone were grouped to satisfy the principles
of parsimony.

Database search of the integrated dataset was done according
to the recommendations in the supplementary material of
Jungblut et al. [51] except for missed cleavage limits were set to
two. Peptide and protein identifications were filtered according
to the same thresholds applied to our data.

2.7. Identification and validation of erroneous and new
protein annotations

Peptides which could not be matched to the NCBI database
but to the six-frame translation were used for further
analysis. The peptide localization was mapped and visualized
using the UCSC microbial genome browser [49,53]. Addition-
ally, a BLAST search with standard parameter settings against
the NCBI reference sequence database of H. pylori (taxID 210)
was performed to identify similar proteins in other strains.
The genome location together with the information of the
BLAST search was used to classify the peptides into N-terminal
elongations, truncated sequences due to DNA sequencing errors
of existing protein annotations and regions without protein
annotations. Thereby, possible DNA sequencing errors as well
as wrong annotated translation start sites are detectable.

DNA sequencing errors in genes inevitably lead to erroneous
protein annotations. These errors are also part of the six-frame
translation. Hence, DNA sequencing errors can only be
corrected by proteogenomics if the true sequences are included
into the protein database. Peptides which were matched to
previously untranslated regions at the 3’ or 5 end were
searched by BLAST against H. pylori species (taxID 210) to get a
list of protein sequences which include these sequences. The
derived protein sequences offer new targets for a second
database search to validate the supposed DNA sequencing
errors and to correct the resulting erroneous protein sequences.

Furthermore, detected translation start sites were corrected
and also added to the database. This database supplementation
opens the possibility to identify peptides matching to the new
annotated protein N-termini. The plain search against the
six-frame translation does not offer the possibility to identify
new protein N-termini since peptides have to be specifically
cleaved in conventional databases searches. With this sup-
plemented database, a second search with identical settings

was performed to gain additional peptide identifications to
proof our results.

2.8. Confirmation of peptides for protein re-annotation

Synthetic peptides with isotopic label at the C-terminal amino
acid (**C and °N) were ordered (Thermo Scientific, Ulm,
Germany) to confirm peptide identifications, which were used
for re-annotation of protein coding sequences. Fragment ion
spectra of peptides were measured by direct infusion at the
same instrument configuration with identical settings for CID
according to the shotgun experiments.

Using these spectra a reference spectrum library was
generated using NIST MS Search 2.0 (National Institute of
Standards and Technology, Gaithersburg, MD). Match scores,
reverse match scores and probability (%) scores were calcu-
lated for each of the identified peptides by comparing the
corresponding MS/MS spectra with the reference library using
NIST MS Search 2.0 identify search.

2.9. Identification and filtering of signal peptide annotations

For identification of signal peptides of annotated proteins, an
additional database search was set up using the dedicated
proteases with semi-proteolytic cleavage option. Here, specific
cleavage of either the peptide N- or the C-terminus serves
as a sufficient identification criterion. The precursor mass
tolerance was reduced to 3 ppm since more than 95% of the
previous identified peptides were found in this range. Thereby,
the tremendous growth of search space for semi-proteolytic
database searches should be limited. FDRs of semi-proteolytic
peptides were adjusted for all experiments to less than 1% using
thresholds for the delta mascot ion score and the X! Tandem -
Log(Expect Scores). Additionally, spectra quality of remaining
semi-proteolytic peptides was inspected manually.

Semi-proteolytic peptides with non-specific N-terminal
cleavage were considered to be candidates cleaved by signal
peptidases if no further peptide belonging to the same protein
was identified N-terminal to their peptide loci. The minimum
length of a signal peptide was defined to be seven amino
acids. Potential signal peptides were additionally filtered
according to the known characteristics of bacterial signal
peptides [54] to distinguish signal peptidase cleavages from
other proteolytic products.

The signal peptide structure is defined by

(i) a positively charged region near the N-term
(i) followed by a hydrophobic region and
(iii) a three amino acid long signal peptidase recognition
sequence.

The calculated net charge for the N-region from amino
acids —15 to —21 relatively to the cleavage site had to be larger
than zero. Thus, for calculation, lysine, arginine and the
protein N-term were assumed to be positively charged,
whereas aspartic and glutamic acids were expected to be
negatively charged.

The GRAVY (grand average of hydropathy) score according
to Kyte and Doolittle [55] for the hydrophobic region from amino
acids -6 to -14 had to be larger than one. The recognition
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sequence was not used as a filtering criterion since it might
differ to the motif reported for Gram-negative bacteria.
Resulting signal peptidase cleavage sites were compared
with computational signal peptide predictions of PerdiSi [56]
and SignalP [57] with standard settings for Gram-negative
bacteria.

2.10. Peptide mapping and visualization

Identified peptides were mapped to the H. pylori genome using
tblastn with an e-value of 10% word size 2 and the low
complexity filter turned off. Perfect and full length sequence
matches were used. For a peptide with no perfect match, the
maximum number of mismatches was set to the number of
leucines and isoleucines as well as the number of X (see 2.5) in
the peptide sequence. With this setting the best fit for the
peptide to the DNA sequence was selected. The peptides were
visualized in the UCSC microbial genome browser [49,53].
Note that each peptide might have multiple mappings. An
UCSC track for each experiment has been compiled and can be
visualized using the data sets and links available at http://
www.bioinf.uni-leipzig.de/publications/supplements/12-023/.
Multiple mappings are reflected in the UCSC tracks by the gray
intensity of the mapped peptides. Each peptide initially
receives a score of 1000 which is divided by the number of
mappings. Thus, the score of a peptide with four genomic
mappings is 250 which is displayed in light gray whereas a
unique mapped peptide has a score of 1000 and a dark gray
shading. Furthermore, the experiment and the number of
mappings for each peptide are indicated in the sequence
identifier (peptide ID:#mappings:experiment).

2.11. RNAcode screen

The Multiz pipeline [58] was used to generate genome wide
alignments of 22 epsilon proteobacteria (Supplementary Table
1). Alignments were scanned for protein coding potential
regions using RNAcode [17] with a p-value cutoff of 0.05 and
the -stop-early and -best-only options. High scoring segments
in the same reading frame and not more than 15 nucleotides
apart were combined. This resulted in 3458 high scoring
segments. Intergenic segments were screened for open reading
frames. If the segment did not contain a complete open reading
frame with a minimum length of 10 amino acids it was
extended by 51 nucleotides in each direction. This resulted in
18 short protein coding gene predictions not yet contained in
the published gene annotations.

2.12. Submission to PRIDE and UniProtKB

For PRIDE [59] (http://www.ebi.ac.uk/pride) submission, we
carried out an additional database search with Mascot and X!
Tandem using the SearchGUI [60]. Therefore we searched
against a NCBI database of H. pylori strain 26695 complemented
with the sequence corrections, signal peptide cleavage sites and
missing annotations identified in our study. Search configura-
tions were identical to those described in the initial database
search. For pride xml export we used the software PeptideShaker
(http://code.google.com/p/peptide-shaker/). The complete ex-
perimental data set is accessible on the PRIDE [59] web service.

3. Results

3.1. Proteome analysis of H. pylori strain 26695

We analyzed cell lysates from H. pylori by GeLC-MS and
offline 2D-LC-MS to achieve broad coverage of the proteome.
Furthermore we integrated the results published by Jungblut
et al. [51]. Mascot and X! Tandem were used to search spectra
against a compiled database including (i) the NCBI database
of H. pylori strain 26695 and (ii) a six-frame translation of
the genome. The database was concatenated with the same
number of reverse entries to approximate and control the FDR
(see Fig. 1 for an overview of the method). Peptide identifica-
tion lists with according FDR calculations as well as a protein
identification table are available in the supplementary mate-
rial (Supplementary Material 2 and 3).

Peptide FDRs of all samples were calculated to be lower
than 0.3% in our dataset (Supplementary Material 3). For
GeLC-MS analysis two independent biological replicates were
separated by 12% SDS-PAGE and analyzed by LC-MS/MS after
in-gel digestion with trypsin. The database search revealed
1091 protein identifications according to the NCBI part of the
database (replicate I: 1018, replicate II: 1061) by at least two
peptides and covers 69% of the predicted proteome. The two
replicates show a protein identification overlap of 91% which
demonstrates a good reproducibility.

Additionally, SEC was used to enrich proteins with a MW
below 25 kDa in order to cover small open reading frames.
Four fractions were prepared, aliquoted and proteins were
separately digested by endoproteases trypsin, LysC and AspN.
Overall 385 proteins (24% proteome coverage) were identified
by this 2D-LC-MS approach.

LysC provided the best results with 368 protein identifica-
tions (replicate I: 323, replicate II: 339) followed by trypsin with
291 (I: 252, II: 270) and AspN with 142 (I: 133, II: 93). This
approach was focused on the identification of low MW
proteins, showing 30% proteome coverage below 20 kDa. In
comparison to the GeLC-MS approach, 24 additional proteins
could be identified which have all a MW below 17 kDa. This
represents an increase of 18% for this MW range.

Overall, we discovered 1115 proteins in our dataset by at
least two peptides and a peptide FDR lower than 1%. This
corresponds to a H. pylori proteome coverage of 71%.

In the re-analyses of the most comprehensive proteome
dataset that has been published so far for H. pylori strain 26695
(ungblut et al. [51]), 549 proteins corresponding to 35% of the
proteome were identified. In comparison to our results only one
additional protein (gi 15645950) was identified. In contrast to our
dataset, peptide FDRs of this dataset were higher than 1% for two
fractionations (pellet fraction: FDR 1.1%, startline fraction: 3.1%).

As a complementary gene prediction approach we used
RNAcode [17]. Our analysis gave 3485 high scoring segments
of which 89% (3106/3485) was found in-frame with annotated
coding sequences. The screen has a sensitivity of 90.1% since
1420 of 1576 annotated CDS were recovered by at least one
overlapping RNAcode hit. These results are highly similar to
our previous analysis in Escherichia coli [17]. A more detailed
look shows that 1238 CDS are only recovered by RNAcode hits
within the gene boundaries. The remaining 182 CDS represent
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Fig. 1 - Experimental workflow of the proteogenomic analysis.
Proteins extracted from Helicobacter pylori cell lysates were
separated by 12% SDS-PAGE and size exclusion
chromatography. Gel fractions were digested by trypsin
whereas trypsin, AspN and LysC were separately applied to
SEC fractions. Samples were analyzed by LC-MS/MS. MS1 data
was recalibrated using Maxquant. At this point the dataset of
Jungblut et al. [51] was integrated. A database search againsta
reverse concatenated database of the NCBI entries and the
six-frame translation

was performed. Additionally a database search

with semi-proteolytic specificity was made. After
post-analysis with Scaffold peptides were mapped to the
NCBI database. Peptides which were unique to the six-frame
translation were subjected to further analyses to discover
new and to correct existing protein annotations.

Semispecific peptides were used to identify signal peptidase
cleavage sites.

candidates with erroneous annotated gene boundaries. Of
these, 60 CDS were recovered by gene boundary overlapping
RNAcode hits only and 122 CDS have both types of hits those
within the annotated CDS and those overhanging the gene
boundaries. In this study RNAcode predictions were used to
support the experimentally identified annotation errors.

3.2 Refinement of protein annotations by proteogenomics

For the identification of novel protein sequences, searches
against a reverse concatenated database including the NCBI
database of H. pylori strain 26695 and a six-frame translation
of the genome were performed. Out of the 21915 peptides
being identified, 21,774 could be mapped to the 1576 existing
protein coding annotations. However, 57 peptides (0.3%) were
unique to the six-frame translation and match to unique
locations in the genome.

Peptides that are unique to the six-frame translation were
classified according to their genomic location. Additionally, a
BLAST analysis against the NCBI reference sequence database
was applied to determine similar proteins in other H. pylori
strains (e.g. similar proteins from H. pylori J99 for HP1186 and
HP0694). Both protein sequences from other strains derived by
BLAST as well as sequences with new translation start sites
were added to the existing database for an additional search.
With this strategy, we were able to identify additional peptides
which validate presumed DNA sequencing errors. These
sequencing errors result in frame-shift errors which lead to
erroneous truncated protein annotations. The peptides which
were used for identification of new or correction of existing
protein annotations are shown in Supplementary Table 2. The
following refinements of protein annotation were submitted to
the UniProt database to ensure public availability.

3.2.1. Identification of missing protein annotations

We could identify four missing protein annotations. Three
proteins were missing due to DNA sequencing errors that
resulted in frame-shifts within a protein coding sequence.
The ferrous iron transporter protein A gene was simply
missing in the annotation by Tomb et al. [61].

Seven different peptides were identified for the coding
region HP0O058 (Supplementary Table 2) which was not anno-
tated in the NCBI protein database of H. pylori strain 26695.
Already, Medigue et al. [18] reported that this region contains an
authentic frame-shift and is not the result of a sequencing
artifact. The contingency gene of this hypothetical protein was
identified by GeneMark [62,63]. Interestingly, Specht et al. [64]
also reported that two cytosines were missing at the genomic
position 62,013. The corrected protein sequence comprises 400
amino acids and a molecular weight (MW) of 46 kDa. Our results
provide experimental evidence of this prediction. Peptides were
identified in fractions 12 and 13 (45-57 kDa) of both in-gel
digestion replicates supporting this MW.

The annotation for the hypothetical protein HP0744 was
also missing in the NCBI protein database of strain 26695. We
identified nine different peptides that could be mapped to
this region (Supplementary Table 2). Peptides belonging to
this region were identified in the same gel fraction (fraction
11, 35-45 kDa) of both biological replicates. Again, Medigue et
al. [18] published that this region has an authentic frame-shift
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and could code for a protein. Indeed, seven peptides are
located on frame -1 whereas four peptides are located on frame
-2. Aninsertion of one nucleotide at the stop codon can correct
the frame-shift, so both parts of HP0744 are on frame -1.

Furthermore, the gene HP0619 was not part of the NCBI
reference protein database. We identified five peptides on
frame +2 and nine peptides on frame +1 in this region
(Supplementary Table 2). Once more, a frame-shift error was
predicted in this region [18]. In fact, the previously assigned stop
codon can be converted to a leucine codon by insertion of a
thymine at nucleotide position 665045. Hereby, the frame-shift
error is corrected and all identified peptides are located on the
same frame. Oleastro et al. [65] identified homology between
the glycosyltransferase jhp0563 of strain J99 and HP0619 of
strain 26695. Transcription of these genes was validated for
both strains by reverse transcription PCR analysis [65].

Three different peptides identified a new protein coding
gene (DNA 0100057) in the intergenic region of the ORFs HP0585
and HP0586 (Fig. 2). BLAST analysis revealed that this region
encodes for the ferrous iron transport protein A in four other H.
pylori strains (Lithuania75, SNT49, G27 and ELS37) with 100%
identity and an expectation value of 5 x 10~2°. Conclusively, the
ferrous iron transporter protein A gene has been missed during
annotation by Tomb et al. [61]. However, the identical protein
sequence was already predicted by an unpublished observation
made by Medigue and Bocs (gi 13431987, P57798.1). Recently, the
sequence was also submitted by the Research Institute for
Physico-Chemical Medicine Moscow to the NCBI database and
was inserted as a provisional entry (not yet published).

3.2.2.
sites
In addition to missing protein annotations, we could also
identify four protein annotations with an extended sequence
at the protein N-termini. The misannotations of translation
start sites for two proteins were due to frame-shift errors
which are a result of DNA sequencing errors, whereas the
other two protein starts were simply wrongly annotated.

We identified a peptide within the intergenic region of
HP1433 and HP1434 which are both encoded on the minus
strand (Fig. 3). It is in frame with the downstream gene HP1433
and there is no stop codon in between these sequences. In
conclusion, the hypothetical protein HP1433 (gi 15646042) has a
wrong start codon assignment. Protein annotations in other H.
pylori strains include the identified peptide within the annotat-
ed sequence which contradicts the current annotation. Addi-
tionally, the new start site is supported by a highly significant
RNAcode prediction (p-value of 1.1 x 10™*%). The extended
protein sequence has 893 amino acids and a MW of 104 kDa.
In line, all peptides belonging to HP1433 and the peptide for the
start site correction were identified in fractions 17-20 (100-
300 kDa) supporting the MW. Based on these findings we
suggest a re-annotation of HP1433 in H. pylori strain 26695.

Moreover, the protein start for S-ribosylhomocysteinase
(HP0105) was erroneously annotated. We identified one peptide
upstream of the previous coding sequence annotation (Supple-
mentary Table 2). BLAST analysis showed that H. pylori strain
XZ274 has another translation start site annotated for this
protein which includes the peptide sequence upstream HP0105.
In the second database search including all three possible start

Identification of erroneously annotated translation start

codons for HP0105, we identified three additional peptides
which confirm the new translation start (methionine codon
ATG at nucleotide position 113295). The UniProt database had
already included the corrected start site inferred by homology.

Two peptides were identified between the protein coding
regions HP0760 and HP0761 (Supplementary Table 2) which
neither match to the same frame of HP0760 (phosphodiesterase)
nor HP0761 (hypothetical protein). BLAST analysis showed that
both peptides match perfectly to phosphodiesterase of many
other H. pylori strains (e.g. P12, Lithuania75). We conclude that
the protein coding region HP0760 was truncated due to a
frame-shift error as suggested by Medigue et al. [18]. In contrast
to the NCBI reference database, the sequence was already
corrected at UniProt according to homology comparison.

Seven different peptides give evidence for a wrongly anno-
tated translation start site of HP0564 (gi 15645189) (Supplemen-
tary Table 2). The supposed correction is strengthened by
two peptides which overlap with the previously annotated
protein start. Additionally, the start codon of the gene HP0564 is
annotated as GTG which is usually coding for valine. However,
GTG is translated into methionine when it is a start codon. The
two peptides, which are N-terminal extended over the previously
annotated start, show that the triplet GTG is translated into
valine at this position and thus increase the confidence of the
start site correction. For further validation, we included se-
quences with different start sites to our database search. Thereby,
we could identify the N-terminus in both biological replicates of
the AspN digestion of SEC fractions (Supplementary Table 2).

3.2.3. Identification of erroneously annotated translation termi-
nation due to frame-shift errors

Protein annotations for HP1186 and HP0694 are found to be
truncated at the C-terminus because of DNA sequencing errors
resulting in frame-shifts. Five different peptides downstream of
the gene HP1186 coding for carbonic anhydrase (gi 15645800)
were identified in different samples (Supplementary Table 2).
Additionally, one of these peptides could also be identified in
the dataset of Jungblut et al. [S1]. Protein BLAST analysis of the
identified peptides resulted in 100% identity matches to the
carbonic anhydrase of other strains like J99 (gi 15612177)
suggesting a DNA sequencing error (Supplementary Fig. 1).
The second database search including the protein sequence
from strain J99 identified an additional peptide which is located
upstream relatively to the identified peptides. This suggests a
re-annotation of the 3’ end of HP1186 according to the
previously reported frame-shift error for HP1186 [12,18]. Indeed,
there were two errors in the DNA sequence. At position 1256328
a thymine was missing whereas adenine at position 1256383
has to be deleted. This explains why the peptides found
downstream of the gene HP1186 are on the same frame.

The corrected protein sequence of HP1186 comprises 247
amino acids and has a MW of 28 kDa. All peptides were
identified in fractions 6 or 7 of the in-gel digestion corre-
sponding to a MW of 20 to 25 kDa. A putative signal peptidase
cleavage site after the first 18 amino acids (AMW 1848 Da)
predicted by PerdiSi [56] and SignalP [57] could be a reasonable
explanation for the mass difference.

The predicted coding region of the hypothetical protein
HP0694 (gi 15645317) is also wrongly annotated due to a DNA
sequencing error downstream of the annotated C-terminus.


http://www.ncbi.nlm.nih.gov/protein/13431987
http://www.uniprot.org/uniprot/P57798.1
http://www.ncbi.nlm.nih.gov/protein/15646042
http://www.ncbi.nlm.nih.gov/protein/15645189
http://www.ncbi.nlm.nih.gov/protein/15645800
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http://www.ncbi.nlm.nih.gov/protein/15645317
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Fig. 2 - (A) Three peptides (magenta) mapped into the intergenic region of HP0585 (endonuclease III) and HP0586 (hypothetical
protein). In addition two RNAcode predictions are found at this locus which can be extended to ORFs. Note that RNAcode2282 1
is a sub-region of RNAcode2282 0 and together with the protein expression data the longer ORF is most plausible. A sequence
search against the NCBI refseq database matches with up to 100% identity to the ferrous iron transporter protein A annotated in
various Helicobacter pylori strains. The possible independent expression of the homolog in the studied strain is further
supported by the annotated transcription start TSS16353. (B) Confirmation of two identified peptides by comparison of the

MS/MS spectra of the experiment (upper spectra) and the corresponding synthesized peptide (lower spectra) containing 6 x

2 x ®N-labeled lysines.

13C

The peptide VAFTITDISK belongs to a region next to the 3’ end
of HP0694 (Supplementary Table 2). Protein BLAST of this
peptide revealed 100% identity with outer membrane proteins
of other strains (e.g. J99; gi 15611701). An additional database
search including these protein sequences succeeded in ad-
ditional peptide identifications (Fig. 4). Moreover, all peptides
belonging to this protein were identified in fraction 9 (approx.
26-29 kDa) of the in gel digestion. The discrepancy between
the theoretical (38 kDa) and the experimental derived MW can
be partly explained by signal peptide cleavage after amino
acid 17 which was predicted by PerdiSi [56] and SignalP [57].
These findings strongly indicate a sequencing error that
results in a pre-major stop due to a frame-shift error [18] for
the predicted coding region of HP0694. Manual inspection of
the DNA sequence revealed two sequencing errors in this
region. Firstly, the stop codon for HP0694 has to be converted
in an arginine codon (AGG) by deletion of a thymine at
position 745343. Secondly, an adenine has to be inserted at
position 745389.

3.2.4. Validation of novel and corrected protein annotations
To validate the peptide identifications leading to corrected
protein annotations of H. pylori strain 26695, we ordered 12

heavy peptides labeled with ' N and '3C isotopes at the
C-terminal amino acid. Tandem MS spectra of the synthetic
peptides were acquired using direct infusion. Comparison of
MS/MS spectra of the biological samples with the correspond-
ing synthetic peptides correlates well for all tested peptides
and further validates the above described revised gene
annotations (Figs. 2-4, Supplementary Figs. 9-22). The reverse
match score as well as the correlation probability of NIST MS
search are listed in supplementary Table 2.

Furthermore, we identified transcripts for all newly anno-
tated proteins in a whole transcriptome analysis from H. pylori
26695 based on high-throughput sequencing approach of
cDNA libraries (RNA-Seq) (S. Pernitzsch and C. M. Sharma,
unpublished data, Supplementary Method 1, Supplementary
Figs. 2-5). The RNAseq data from H. pylori strain 26695
confirmed transcription for the intergenic region of HP0585
and HP0586 as well as for the coding regions HP0619, HP0744
and HP0058.

3.3. Identification of signal peptides
The export of secreted proteins as well as proteins which are
located in the inner or outer membrane or the periplasm
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Fig. 3 - (A) Genomic location of HP1433 a hypothetical protein which is encoded in an operon together with the
formyltetrahydrofolate hydrolase (HP1434) and the protease IV (HP1435). The operon is transcribed from the transcription start
site TSS1507912 which is located upstream of the gene HP1435. Beside putative anti-sense RNAs (HPnc yellow) several
previously studied loci are annotated (blue). The latter correspond to a protein-protein interaction study. The RNAcode
predictions (red) together with the identified peptides (black) in combination with the magenta colored peptide suggest the
HP1433 start codon position correction directly downstream to the HP1434 stop codon. (B) Confirmation of this peptide

by comparison of the MS/MS spectra of the experiment (upper spectrum) and the corresponding synthesized peptide

(lower spectrum) containing 6 x >C 2 x °N-labeled lysines.

usually requires a N-terminal signal sequence which is
removed by signal peptidases [54]. Signal peptide cleavage
leads to new protein N-termini. After enzymatic digestion in
proteomic studies, peptides of new protein N-termini have a
specifically cleaved C-terminus but a non-specifically cleaved
N-terminus according to the used protease. Thus, peptides
near the protein N-termini with non-specific cleaved N-terminus
were considered to be potentially cleaved by a signal peptidase.
Signal peptide candidates were identified by a database search
allowing for semi-specific peptides.

Overall, 72 candidates were identified with a FDR below 1%
of which 63 fulfilled our filtering criteria for signal peptide
identification (Supplementary Material 4). Thirty eight signal
peptide sequences were identified in more than one sample.
The analysis of the dataset from Jungblut et al. [51] provided
an independent validation of eight signal peptides and the
identification of one additional sequence. The structure of the

identified signal peptide sequences is illustrated in Fig. 5A
and B with a sequence logo graphic [66]. Leucine (75%) is
predominately localized at the -3 position relative to the
cleavage site. The -1 position is mainly alanine (84%).

A search for signal peptide sequences for H. pylori 26695 in
the UniProt database revealed only one experimentally validat-
ed signal peptide for the Cytochrome c-553 (HP1227). Computa-
tional tools such as PerdiSi [56] and SignalP [57] provide 191 and
182 significant predictions, respectively (Fig. 5C). However, only
28 of the experimentally validated signal peptides were sup-
ported by significant predictions of at least one algorithm
(Fig. 5C).

In order to improve the prediction accuracy, we lowered
the predefined thresholds for the significance scores of both
tools (PerdiSi Score > 0.2, SignalP Dmaxcut > 0.3) and added
our filtering criteria according to the signal peptide structure.
Furthermore, we restricted the amino acids at the -1 to -3
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Fig. 4 - (A) Genomic location of HP0694 (hypothetical protein). HP0694 has two alternative transcription start sites (TSS744420
and TSS744551, green). The RNAcode prediction (red) resamples the annotated open reading frame. One peptide was identified
in between the genes HP0694 and HP0695. The BLAST search of this peptide matched perfectly to the protein sequence gi
15611701 annotated in Helicobacter pylori strain J99. This indicates a genomic sequencing error (thin line within the blue box).
An additional peptide (magenta) can be identified if the corrected DNA sequence is used in the database. It was found in two
biological replicates. (B) Confirmation of this peptide by comparison of the MS/MS spectra of the experiment (upper spectrum)
and the corresponding synthesized peptide (lower spectrum) containing 6 x *3C 2 x **N-labeled lysines.

positions according to our findings. The amino acid that occupies
the position -1 had to be either A, V, Y G, S or L whereas the
position -3 was restricted to either L, A, I, V, S or C, respectively.
Additionally, the position —2 must not be proline.

The number of significantly reported signal peptidase
cleavage sites was slightly increased by the new criteria.
Remarkably, the application of new significance criteria for
the prediction tools provided support for 17 additional signal
peptides. The overlap of significant predictions of PerdiSi and
SignalP was increased by 42% to 139 (Fig. 5D).

4, Discussion

The human pathogen H. pylori is a Gram-negative Epsilon-
proteobacterium which has been associated with many gastric
diseases like gastritis, duodenal ulcers as well as gastric cancer.
It colonizes about half of the human’s population, but approx-
imately 80% of the infected individuals are asymptomatic
[67,68]. The complete genome sequencing of the strain 26695

[61] in 1997 provides a fundamental basis for studying H. pylori
on the genome, transcriptome and proteome levels. Proteomic
studies of H. pylori are an inherent part of basic research of this
pathogen. During the last years, proteomic studies offered
further insights into the adaption to acidic [69] or oxidative
stress [70,71] as well as pathogenic mechanisms [72,73].

Nevertheless, proteomic studies are strongly dependent
on the protein database quality. Different genome studies
already showed that there might be discrepancies in coding
sequence annotation of different H. pylori strains as a result of
DNA sequencing errors or erroneous predictions [12,18,19].
However, this data is solely based on bioinformatics and not
validated by biological experiments. Here, we show that
proteogenomics offers the opportunity to identify new protein
coding genes and to correct erroneous protein annotations on
the basis of experimental study results. This also includes the
detection and correction of DNA sequencing errors that result
in frame-shifts.

However, proteogenomic studies require a high proteome
and protein sequence coverage of MS data. Our study revealed


image of Fig.�4
http://www.ncbi.nlm.nih.gov/protein/15611701

38 JOURNAL OF PROTEOMICS 86 (2013) 27-42

A,
2
s
o o e Ti e i SPase
B e i cleavage site
N-term Lx A_§ C-term
—— =
positively charged hydrophobic region recognition protein
region -6 to -14 sequence chain
-15 to ~ -22 341
C experimental D experimental
63 63
PerdiSi
PerdiSi ignalP
191 182

1 new criteria
205

new criteria
205

Fig. 5 - Comparison of identified signal peptide sequences with software predictions. (A) Sequence logo of the experimentally
identified signal peptides (sequence logo graphic was created with the web-based tool WebLogo, version 2.8.2, [66]). The
hydrophobic region and the positively charged N-terminal region are clearly identifiable. The predominant SPase recognition
sequence is LXA for Helicobacter pylori. (B) Schematic signal peptide structure for H. pylori. The positively charged region is
between amino acids - 15 and -22 relatively to the SPase cleavage site whereas the hydrophobic region is between amino acids
-6 and -14. The predominant recognition sequence LXA is presented for the -3 to -1 positions. (C) Comparison of
experimentally derived signal peptides with significant predictions from PerdiSi and SignalP. (D) Comparison of
experimentally derived signal peptides with predictions from PerdiSi and SignalP after adaption of the significance criteria to

the signal peptide structure of H. pylori.

1115 proteins representing 71% of the annotated proteome
with average protein sequence coverage of 49%. A similar
proteogenomic study of Pseudomonas fluorescens Pf0-1 covered
66% of the annotated and identified 16 new ORFs [74] which is
comparable to our results. However we still miss 29% of the
proteome either due to false annotations or experimental
limitations such as the detectable minimum protein weight of
approximately 5 kDa in our approach. The latter might also be
a reason why we miss the recently discovered short tran-
scripts harboring conserved open reading frames [20] even
though we already significantly increased the coverage of low
molecular weight proteins due to a SEC based enrichment
strategy.

Our dataset allowed us to unambiguously correct six protein
annotations (HP1433, HP0105, HP0760, HP0564, HP1186, HP0694)
and to discover four proteins which were not part of the
NCBI reference sequence database (HP0058, HP0744, HP0619,
intergenic region HP0585-0586—ferrous iron transport protein
A). Five of these protein annotations were additionally validated
by comparing MS/MS spectra of biological samples with
synthetic peptides. Furthermore, seven of the new annotated
respectively corrected protein annotations are supported by
significant RNAcode predictions. We also show that proteo-
genomics has the ability to identify and correct DNA sequencing

errors. Three previously missing annotations as well as three
erroneous annotations were the result of DNA sequencing
errors. Thus, the application of proteomics in combination with
comparative genome analysis offers new information which
cannot be gained by one of these techniques alone.

Finally, all newly identified proteins were also found in a
whole transcriptome analysis of H. pylori strain 26695 that was
grown under comparable conditions (S. Pernitzsch and C. M.
Sharma, unpublished data, Supplementary Figs. 2-5).

Remarkably, the new annotated and corrected proteins
are supposed to be of high interest for further studies. For
example, the protein which is located between HP0585 and
HP0586 is similar to the ferrous iron transport protein A of
other H. pylori strains. Iron transport is essential for the
survival of H. pylori in the stomach [75]. Iron is transported
into the cell and stored by ferritin to prevent iron scarcity [76].
Velayudhan et al. [77] investigated the role of the ferric iron
transporter B for iron uptake and virulence. However, they did
not study the influence of the transporter A because it was
missing in the annotations of Tomb et al. [61]. Furthermore,
transcription of the infection related gene vacA is up-regulated
under iron deficient conditions [78].

In addition, the previously missing annotation for HP0619
which codes for a putative lipopolysaccharide (LPS) biosynthesis
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protein might be a drug target candidate for the inhibition of the
LPS biosynthesis pathway [79]. The protein HP0O058 which was
not annotated in the NCBI database has shown to be important
for the morphology and motility of H. pylori [64]. This coiled-
coil-rich protein forms filamentous structures which are essen-
tial for the helical shape of H. pylori [64]. HPO058 deletion mutants
are straight shaped and exhibit reduced motility in soft agar
assays [64] which might indicate attenuated colonization
efficiency.

Furthermore, we investigated signal peptide cleavage sites
of the annotated proteins. H. pylori encodes for two different
signal peptidases (SPases I and II) [54]. Here we demonstrate
that high accurate MS allows the identification of signal
peptide sequences in a shotgun approach. Nevertheless, data-
base searches with semi-proteolytic specificity require a
careful adjustment of FDRs since the search space increases
exponentially. Our FDRs were adjusted to less than 1% using
only semi-proteolytic peptides which results in more restric-
tive but much more significant signal peptide candidate
identifications.

Additional filtering criteria were applied according to the
known signal peptide structure of bacteria [54] and resulted in
63 significant signal peptides out of 77 candidates. The dataset
of Jungblut et al. [51], offered only one additional signal peptide
compared to our data. Since this data was not acquired by high
accurate MS, the quantity of identifications is lower compared
to the 62 signal peptides of our dataset.

Signal peptide candidates which did not fulfill our criteria
might be produced by side-specificity of utilized proteases or
could be cleavage products of other proteases. Our criteria
may lead to higher false negative rates but improve the
confidence of our results. For example, the doubtful assign-
ment for the uncharacterized protein HP0659 with a signal
peptide length of 103 was sorted out due to both thresholds
for the hydrophobic and positively charged region.

Signal peptidases from Gram-negative bacteria require more
or less conserved amino acids at the -1 and -3 positions
relative to the cleavage site [54]. We showed that the predom-
inant recognition sequence for the signal peptidases of H. pylori
is LXA. Nevertheless, alanine, isoleucine, valine, serine and
cysteine were also detected at the —3 position, whereas glycine,
serine, valine, leucine and threonine are also suitable at the -1
position. Since no cysteines were found on the +1 position, we
consider that all identified cleavage sites are targeted by the
signal peptidase I.

We compared our results with those derived by two
different signal peptide prediction tools. However, only 44%
of our findings were supported by significant predictions. The
low overlap results from either non-significant scoring by
these tools or erroneous cleavage site predictions. The
prediction algorithms of PerdiSi and SignalP were trained
with datasets of experimentally validated signal peptides
from Gram-negative bacteria [56,57]. The moderate prediction
accuracy could be a result of the lack of experimentally
determined cleavage sites as well as the missing subdivision
according to phylogeny. This may lead to algorithms which
are very strongly oriented towards well studied bacteria such
as E. coli. This hypothesis is substantiated by the fact that the
predominant signal peptidase recognition sequence is thought
to be AXA for Gram-negative bacteria, whereas our data suggest

rather LXA for H. pylori. Indeed, the signal peptides of E. coli and
H. pylori show clear differences (Supplementary Fig. 23). The
length and position of the hydrophobic as well as the predom-
inant signal peptidase recognition sequence (AXA) are different
for E. coli.

In order to increase the confidence of these tools for
H. pylori, we applied our filtering criteria with additional
restriction of amino acids for the -3 and -1 positions
according to our findings and lowered the individual scoring
thresholds. Hereby, we improved the support for our data to
71% and increased the overlap of the SignalP and PerdiSi from
98 to 139 predictions (Fig. 5C and D). However, correctness of
signal peptidase cleavage site predictions can only be im-
proved by modification of the individual algorithms. There-
fore, we encourage the scientists that work on signal peptide
prediction tools to use our findings to enhance the prediction
accuracy of these tools.

To our knowledge no other study has investigated the
specificity of the signal peptidases of H. pylori. Signal peptidases
are essential enzymes for the viability of bacterial cells [54,80]
and are involved in pathogenesis [81,82] Therefore signal
peptidases could be novel targets for antibiotics [80]. Addition-
ally, inclusion of signal peptides into the database could
increase peptide and protein identifications of future proteome
studies.

Both signal peptidase cleavage sites, corrected and missing
protein annotations were submitted to the UniProt protein
database. For visualization of our data, we also offer custom
tracks for the UCSC microbial genome browser to support
further proteome and transcriptome studies (http://www.
bioinf.uni-leipzig.de/publications/supplements/12-023/).

In conclusion, using proteogenomic approaches for protein
coding sequence annotations will help to improve and com-
plete protein databases.

This approach is easily adaptable to other bacterial
species. For eukaryotes, the database construction has to
be slightly modified. A direct translation of eukaryotic DNA
sequences would lead to a tremendous increase of the
protein database sizes due to high content of non-coding
regions. Instead of the DNA, a translation of mRNA
transcripts into protein sequences has to be performed.
For this purpose, one has to utilize for instance freely
available transcriptome datasets. Furthermore, high qual-
ity proteomic datasets which are deposited at PRIDE [83]
provide the possibility to carry out proteogenomic analyses
without extensive measurements.

Some might argue that the utilization of six-frame transla-
tion databases in proteomic studies would solve the problem of
erroneous and missing annotations. However, the database size
increases approximately six-fold for bacteria like H. pylori with a
small genome and a high amount of protein coding content.
Other organisms and especially eukaryotes have large amounts
of non-coding DNA. A six-frame translation of the human DNA
generates a database which is larger than the whole UniProt
database. Additionally, the search space increases exponential-
ly when variable modifications are used. This leads to higher
FDRs and increased processing time. Moreover, biological
information of identified proteins is usually retrieved by
accession numbers of publicly available databases such as
NCBI or UniProt. A plain search against the genome would need
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additional extensive data processing to gain further biological
information. Furthermore, identification of peptides which
cover the N-termini of proteins is limited due to the fact that
the start and end positions of gene products are often not
exactly detected by a six-frame translation. Therefore database
searches against six-frame translations are impracticable for
conventional proteomic studies.

We expect that further proteomic studies will strongly
benefit from proteogenomics because of their dependency
on the protein database quality. Here, we showed that
even protein databases of well-studied organisms like the
investigated H. pylori strain 26695 are not error free. Proteins of
particular biological interest like the ferrous iron transport
protein A, the coiled-coil-rich protein HPO058 and the lipo-
polysaccharide biosynthesis protein HP0619 were actually
missing in the annotations. Database entries for these pro-
teins might be important to study biological pathways in-
volved in pathogenesis or drug response. Our approach
additionally demonstrates that frame-shift errors, which are
a result of inaccurate DNA sequencing, can be identified and
corrected by proteogenomics. Therefore, we highly recom-
mend the application of proteogenomics within new genome
sequencing projects to generate more accurate protein coding
sequence annotations and to increase the experimental
support of predicted protein coding genes.
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Abstract

Fibroblasts are the main matrix producing cells of the dermis and are also strongly regulated
by their matrix environment which can be used to improve and guide skin wound healing pro-
cesses. Here, we systematically investigated the molecular effects on primary dermal fibro-
blasts in response to high-sulfated hyaluronan [HA] (hsHA) by quantitative proteomics. The
comparison of non- and highsulfated HA revealed regulation of 84 of more than 1,200 quanti-
fied proteins. Based on gene enrichment we found that sulfation of HA alters extracellular
matrix remodeling. The collagen degrading enzymes cathepsin K, matrix metall oproteinases-2
and -14 were found to be down-regulated on hsHA. Additionally protein expression of throm-
bospondin-1, decorin, collagen types | and XIlI were reduced, whereas the expression of
trophoblast glycoprotein and collagen type VI were dlightly increased. This study demon-
strates that global proteomics provides a valuable tool for revealing proteins involved in mo-
lecular effects of growth substrates for further material optimization.

Keywords

Hyaluronan; extracellular matrix; proteomics; sulfation; glycosaminoglycan

90



J Mater Sci: Mater Med (2012) 23:3053-3065
DOI 10.1007/s10856-012-4760-x

Quantitative proteomics reveals altered expression of extracellular
matrix related proteins of human primary dermal fibroblasts

in response to sulfated hyaluronan and collagen

applied as artificial extracellular matrix

Stephan A. Miiller - Anja van der Smissen *
Margarete von Feilitzsch - Ulf Anderegg -
Stefan Kalkhof - Martin von Bergen

Received: 31 May 2012/ Accepted: 27 August 2012 /Published online: 19 September 2012
© The Author(s) 2012. This article is published with open access at Springerlink.com

Abstract Fibroblasts are the main matrix producing cells
of the dermis and are also strongly regulated by their matrix
environment which can be used to improve and guide skin
wound healing processes. Here, we systematically investi-
gated the molecular effects on primary dermal fibroblasts in
response to high-sulfated hyaluronan [HA] (hsHA) by
quantitative proteomics. The comparison of non- and high-
sulfated HA revealed regulation of 84 of more than 1,200
quantified proteins. Based on gene enrichment we found that
sulfation of HA alters extracellular matrix remodeling. The
collagen degrading enzymes cathepsin K, matrix metallo-
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proteinases-2 and -14 were found to be down-regulated on
hsHA. Additionally protein expression of thrombospondin-1,
decorin, collagen types I and XII were reduced, whereas the
expression of trophoblast glycoprotein and collagen type VI
were slightly increased. This study demonstrates that global
proteomics provides a valuable tool for revealing proteins
involved in molecular effects of growth substrates for further
material optimization.

1 Introduction

The skin is the largest organ of the human body. It has
many essential functions like body temperature regulation,
oxygen uptake, pathogen defense and fluid loss prevention.
Thus dermal wounds can cause severe health problems by
the restriction of these functions. The therapeutic band
width of skin wound treatment includes dressing with
autografts, allografts, xenografts or tissue-engineered skin
substitutes (TESS). TESS have been proven to be a good
alternative to conventional treatment by grafting of skin
wounds [1]. Clinical products from different companies are
extensively reviewed by Eisenbud et al. [2] and Damanhuri
et al. [3], while Metcalfe and Ferguson [4] have reviewed
developments of bioengineered artificial skin. The usage of
cell-free scaffolds as matrix supports for self-regeneration
of skin is an alternative to skin biopsies and dermal cell
culturing. Especially cell-free scaffolds based on biode-
gradable substances like polylactides, collagens and/or
glycosaminoglycans (GAGs) which mimic the extracellular
matrix (ECM) are good alternatives to conventional skin
grafting [5-8].

A promising approach for the development of new
artificial ECMs (aECMs) for wound healing of skin tissue
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is the integration of chemically modified natural ECM
components. In particular sulfated GAG have been sup-
posed to improve wound healing of skin tissue by the
interaction of negatively charged sulfate groups with
cytokines, growth factors and dermal cells [9, 10].

Sulfated derivatives of GAGs mimic the behavior of
heparin, the most biological active natural GAG compound
which plays an important role in wound healing [11].
Heparin interacts with a huge variety of different proteins,
like growth factors FGFs (fibroblast growth factors)-1, -2
and -7 [12] or cytokines such as platelet factor 4 [13],
interleukin 8 (IL-8) [10, 14] or interferon gamma [15].
Heparin further binds to adhesion proteins like selectins
[16], the heparin-binding growth associated molecule [13]
and fibronectin [17]. Protein binding to heparin promotes
different functions like protection from proteolysis (i.e.
FGFs-1, -2 and -7) [12, 18] or modification of biological
activity shown for transforming growth factor 1 (TGF-f1)
[13]. Thus heparin and other sulfated GAG have an influ-
ence on key processes of wound healing like inflammation,
cell proliferation or cell-matrix interactions [13]. Most
interactions between sulfated GAG and proteins are gov-
erned by negatively charged sulfate groups which form
ionic bonds with basic amino acid residues [10, 12, 13, 15].

Hence, cell studies with sulfated GAG can provide
valuable information for the engineering of new skin sub-
stitutes. We have chosen hyaluronan (HA) to investigate
the effect of chemical sulfation. HA is the most suited
GAG for this study since naturally HA does not contain
sulfate groups. It has a regular sequence of alternating units
of N-acetylglucosamine and glucuronic acid and is not
covalently linked to proteins. Additionally, HA can be
chemically modified without loss of structure [11]. Since
our research focus is on acquiring knowledge about the
influence of synthetized aECMs for improved wound
healing of skin tissue we have chosen dermal fibroblasts
(dFbs) as model cells for investigation of our modified
aECM. They are crucial for wound healing of skin tissue
and strongly regulated by their surrounding ECM [19]. The
previous work of van der Smissen et al. [20] showed that
sulfated GAGs improved initial cell adhesion and prolif-
eration of dFbs in a sulfation dependent manner. By testing
a few selected mRNA of involved key proteins the
expression levels of collagen type I o chain, HA synthase 2
and matrix metalloproteinase-1 (MMP-1) were found to be
significantly reduced on high-sulfated GAGs, whereas low-
sulfated GAG derivatives only slightly changed the mRNA
expression of these components.

On the basis of these data [20], the influence of HA
sulfation on the expression of other proteins by a non-
targeted approach is of great interest since this will allow
detecting so far unrecognized signaling pathways in
response to the tested biomaterials. We analyzed the
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influence of aECMs consisting of collagen type I mixed
with HA or its high-sulfated derivative (hsHA) on protein
level. For that reason, we have chosen stable isotope
labeling by amino acids in cell culture (SILAC) which is a
well-established method enabling accurate relative quan-
tification of thousands of proteins in an untargeted
approach [21, 22]. As long as primary cells can be culti-
vated for a sufficient time to obtain quantitative isotope
labeling, SILAC provides superior protein coverage and
better quantitative reproducibility in comparison to the
usage of cells or organs from different individuals or label
free quantification [23]. Especially relative quantification
to a control of the same donor within one measurement
reduces variability.

Global analyses provide a broader overview and higher
protein coverage than targeted experiments. Computational
analyzes of regulated proteins according to databases like
PANTHER (Protein ANalysis THrough Evolutionary
Relationships) [24] reveal protein cluster enriched
according to their molecular functions and biological pro-
cesses. Bioinformatics tools like DAVID [25] additionally
calculate enrichment factors and determine statistical sig-
nificance of these clusters.

While these approaches are limited to detecting known
pathways the global approach also offers the chance to
unravel so far unknown proteins or complexes that might
also be pivotal to the process of interest. In order to extract
this potential from the wealth of raw data gathered through
omics approaches it is necessary to build up cell type and
research specific databases. More specifically the effects of
aECM on different cell types involved in wound healing
should be summarized in a database allowing a focused
comparison with future data.

A generally important aspect of global analysis is the
assumption that the conditions do not cause an overall
extreme stress to the cells, since then the effects would
reflect all but not dominantly specifically mechanism about
the subtle changes occurring during adaptation. The gen-
eral effects can be monitored by the amount of overall
changes and as a valid assumption the significantly
(P < 0.05) changed proteins should not exceed 5-10 %.

In this study over 2,000 proteins were unambiguously
identified and the gene enrichment process revealed that
HA sulfation affects predominantly ECM remodeling by
simultaneously down-regulation of ECM degenerating
proteins like MMPs-2 and -14 as well as cathepsin K
(catK). Additionally, other ECM proteins including de-
corin, thrombospondin-1 (TSP-1), and collagen types I, VI
and XII are regulated. Beside this detailed information on
coordinated ECM remodeling the summary of affected
pathways and molecular functions allows to build a
database for monitoring of aECM caused effects on
fibroblasts.
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Fig. 1 Experimental workflow. I Primary dermal fibroblasts are
prepared from healthy female donors. II Primary dermal fibroblasts
are precultured either in light medium (L) or heavy medium
(H) containing isotopically labeled lysine and arginine until heavy
amino acid content is larger than 95 % in the proteins. III Cells are
cultured on different aECMs. Control-matrix and test-matrix have
different isotope labeling. IV After culturing for 1 respectively
5 days, cells are harvested, lysed and mixed 1:1 according to their

2 Materials and methods
2.1 Sample preparation

The study was conducted according to Declaration of
Helsinki Principles (1975) and was approved by the local
ethics committee (065-2009).

Primary human dFbs from healthy breast skin were
isolated as previously described [26] by dispase II (Roche
Diagnostics GmbH, Mannheim, Germany) mediated
removal of epidermal sheet and digestion of the dermal
compartment with collagenase (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany). Cell suspension was passed
through 70 uM filters (BD Biosciences, Bedford, MA,
USA) to remove tissue debris. In total four biological
replicates deriving from different donors were applied in
this study.

Cells were cultured with Dulbecco’s Modified Eagle
Medium (DMEM, Biochrom AG, Berlin, Germany) sup-
plemented with 10 % fetal calf serum (FCS, Biochrom AG,
Berlin, Germany) and 1 % penicillin/streptomycin (PAA
Laboratories GmbH, Pasching, Austria) at 37 °C, 5 % CO,

m/z

protein content. Proteins are fractionated by SDS-PAGE and digested
in-gel by trypsin. V Peptides are analyzed by LC-MS/MS. VI MS
data is processed by Maxquant. Pairs of light and heavy labeled
peptides enable relative protein quantification. Regulated proteins are
determined. VII Proteins considered to be regulated are subjected to
bioinformatics tools like DAVID and PANTHER for cluster analysis
according to biological processes and molecular function (cluster
diagram was made on http://string-db.org/)

until confluence. For experiments cells between passages
2—-8 were used [20].

An overview of the experimental workflow after isola-
tion of primary dFb is shown in Fig. 1. For isotope labeling
dFb were cultivated in SILAC DMEM (Pierce SILAC
Protein Quantitation Kit—DMEM, Pierce Biotechnology,
Rockford, USA) containing either 0.798 mmol/l heavy
3CMN lysine and 0.398 mmol/I heavy '*C'°N arginine
(heavy medium) or '*C'N lysine and '*C'*N arginine
(light medium) supplemented with 10 % dialyzed FCS for
10 days on polystyrene (PS) culture plates with medium
change every 2 days.

4.0 x 10° (24 h exposure) and accordingly 1.5 x 10°
cells (5 days exposure) were transferred to 75 cm? cell
culture flasks coated with different aECMs consisting of rat
tail collagen type I (C) (BD Bioscience, Heidelberg, Ger-
many) and HA (Aqua Biochem, Dessau, Germany) or hsHA
(provided by Innovent e.V., Jena, Germany) described by
van der Smissen et al. [20] and incubated for 1 or 5 days. At
the time point 5 days the monolayer appeared with a donor
dependent confluence of 70-100 %. One day incubation
was meant to determine immediate cell responses to hsHA,
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Table 1 aECMs, according
abbreviations and the applied
culture medium and incubation

aECM (abbreviation)

SILAC labeling Incubation time

time

medium (days)
PS control matrix replicates 1 + 2 Light medium 1
5
Heavy medium 1
5
Collagen type I (C) control matrix replicates 3 4 4 Light medium 1
5
Heavy medium 1
5
Collagen type I/hyaluronan (C-HA) Light medium 1
5
Collagen type I/C-hsHA Heavy medium 1
5

whereas 5 days of incubation should reflect changes in the
proteome of almost confluent grown dFbs. The appropriate
culture variations are listed in Table 1. These variations
offer the comparison of light and heavy labeled cells after
the cultivation on the different aECMs.

Proteomic analysis was carried out on the basis of cell
lysates. Therefore, fibroblasts were harvested after days 1
or 5 post seeding by addition of 0.25 % EDTA (Sigma, St.
Louis, MO, USA) in 1x PBS (PAA) to prevent damage of
integrins by trypsin. The cell pellet was stored on ice and
washed three times with cold 1x PBS before the final
centrifugation for 6 min, 12,000 rpm at 4 °C. The super-
natant was discarded and cell pellet immediately frozen at
—80 °C until further use.

Harvested cells were disrupted in 100 pl lysis buffer
containing 6 M urea, 2 M thiourea and 100 mM ammo-
nium bicarbonate by vortexing for 3 min. Cell debris and
undissolved material were removed by centrifugation
(16,000xg, 10 min, 18 °C). Protein concentration of the
supernatants was measured using Quick Start Bradford
Protein Assay (Biorad, Hercules, CA) with bovine serum
albumin as reference. Samples gained from the different
aECMs were combined at 1:1 (w/w) protein ratio with the
appropriate control (PS or C).

2.2 SDS-PAGE and in-gel digestion of proteins

In order to increase the amount of quantified proteins,
samples were fractionated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). For the
gel separation, 15 pg protein of each sample were mixed
3:1 with 4x Laemmli sample buffer (12 % [w/v] SDS,
6 % [v/v] [-mercaptoethanol, 30 % [w/v] glycerol,
150 mM Tris-HCI [pH 7.0], 0.04 % [w/v] bromphenol
blue) and incubated 1 h at 37 °C. Protein separation was
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performed by 12 % SDS-PAGE with a 4 % stacking gel.
Gel electrophoresis was stopped after proteins entered
approximately 3 cm in the gel. The Coomassie staining
procedure was performed according to Miiller et al. [27].
The protein lanes were cut in five equal gel slices. In-gel
digestion of protein was performed similar to Morbt et al. [28]
with 100 ng trypsin per slice (trypsin sequencing grade from
bovine pancreas, Roche, Mannheim, Germany). Samples
were concentrated by vacuum centrifugation and reconsti-
tuted with 0.1 % (v/v) formic acid after tryptic digestion.

2.3 Liquid chromatography tandem MS analysis

Tryptic peptides from in-gel digestion were separated by
nano-high performance liquid chromatography (nano-
HPLC) prior to mass spectrometry (MS) analysis to
increase the number of quantified peptides and corre-
sponding proteins. Liquid chromatography tandem MS
analysis was performed according to Miiller et al. [27] with
some slight modifications. Peptides were analyzed with a
nano-HPLC system (nanoAquity, Waters, Milford, MA,
USA) coupled online with an LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific, San Jose, CA,
USA) via a nano-electrospray ion source (TriVersa Nano-
Mate, Advion, Ithaca, NY, USA). Samples were injected
on a trapping column (nanoAquity UPLC column, C18,
180 um x 20 mm, 5 pm, Waters) and washed with 2 %
acetonitrile containing 0.1 % formic acid and a flow rate of
15 pl/min for 8 min. A C18 UPLC column (nanoAcquity
UPLC column, C18, 75 pm x 150 mm, 1.7 pm, Waters)
was used for peptide separation. Peptides were eluted using
a gradient from 2 to 85 % acetonitrile, 0.1 % formic acid
(0 min, 2 %; 2 min, 2 %; 7 min, 6 %; 55 min, 20 %;
73 min, 30 %; 91 min, 40 %; 94 min, 85 %) with a flow
rate of 300 nl/min and a column temperature of 40 °C.
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MS analysis was performed with a spray voltage of
1.8 kV in positive ion mode. The mass spectrometer
automatically switched between full scan MS mode (from
400 to 1,400 m/z, R = 60,000) and MS? acquisition. Pep-
tide ions exceeding an intensity of 5,000 counts were
fragmented within the linear ion trap by collision induced
dissociation (isolation width 4 m/z, normalized collision
energy 35, activation time 30 ms, activation Q 0.25). A
dynamic precursor exclusion of 3 min for tandem MS
measurements was applied.

2.4 Data analysis

Protein identification and relative quantification was carried
out with the software MaxQuant [29] (version 1.2.0.18,
Max Planck Institute of Biochemistry, Munich, Germany).
Peptides with the same sequence but different labeling
states elute at the same retention time. Heavy to light pep-
tide pairs can be detected by their distinct mass shifts
according to the labeling with heavy arginine and lysine.
MaxQuant uses the intensity of heavy and light labeled
peptide pairs to calculate relative peptide abundances. The
derived peptide intensity ratios belonging to the same pro-
tein are the basis for relative protein quantification.

Within the MaxQuant workflow, database searching was
carried out by the Andromeda search engine [30] against a
reverse concatenated IPI human database (version 3.68)
including a contaminant list. Recalibration of precursor
masses by the option “first search” with a 20 ppm mass
tolerance against the human first search database provided
by MaxQuant.org. Trypsin with maximum two missed
cleavages was set as protease. Carbamidomethylation of
cysteine was specified as fixed modification, and oxidation
of methionine and acetylation of the protein N-terminal
were defined as variable modifications. A peptide mass
tolerance of 6 ppm was applied. For tandem MS identifi-
cation six top peaks per 100 Da were chosen and searched
with a fragment ion mass tolerance of 0.5 Da.

Peptide and protein false discovery rates were limited to
1 %. Protein identification required at least two unique
peptides. The minimal peptide length was set to six amino
acids. For protein quantification, the minimal peptide ratio
count was set to 2. The option “match between runs” was
used for samples measured within the same batch. Re-
quantification of proteins was also applied.

Proteins with a log, fold change (FC) above 0.5 or
below —0.5 were considered to be up- respectively down-
regulated. Furthermore, only proteins showing in at least
three out of four replicates regulation in the same direction
and an average FC of all replicates fulfilling the criteria for
regulation were considered as significantly regulated.

For identification of significantly regulated clusters of
functionally related regulated proteins the web-based

bioinformatics tool DAVID [24] was used. The list of
regulated proteins was subjected to DAVID, whereas all
identified proteins served as background for cluster anal-
ysis. Protein clustering was performed according to bio-
logical and molecular function derived from the
PANTHER classification system [24].

2.5 Control experiments for significance estimation
of regulation thresholds

Experiments with primary cells often show large variation
between different donors. Additionally, technical variance
is another error source. With regard to these issues, we
tested the significance of our regulation thresholds with
two control experiments. Each control experiment was
performed in triplicates. The first experiment was to eval-
uate the labeling effect of the SILAC experiments.
Therefore, protein samples of the same donor from cells
grown on light and heavy medium with collagen type I as
matrix were mixed 1:1 (w/w) according to their protein
content. The second control experiment examined the
donor effect and included protein samples from three
donors. Therefore, heavy and light labeled protein samples
of different donors were mixed 1:1 (w/w) according to their
protein content (donor A heavy + donor B light, donor B
heavy 4 donor C light, donor A light 4+ donor B heavy).
Further treatment and measurement was similar to the other
samples. Proteins with a log, FC larger than 0.5 or lower
than —0.5 were defined as regulated.

2.6 Western blot and zymography

Data analysis with MaxQuant and the bioinformatics tool
DAVID resulted in a set of regulated protein clusters.
Selected proteins belonging to regulated clusters were
chosen for further confirmation by western blotting or zy-
mography. Western blots of cell lysates were performed
with antibodies against MMP-14, TSP-1, collagen types I
and VI (« chain 1). The enzymatic activity of MMP-2 in
the culture supernatant was tested by gelatine zymography
[26] to investigate whether altered MMP-2 expression
leads to activity changes.

3.5 x 10 cells were seeded on aECM provided in petri
dishes (94 mm diameter) and incubated for 72 h with
DMEM/10 % FCS, another 24 h with DMEM/0 % FCS to
generate serum free supernatants and additional 24 h with
DMEM/10 % FCS to gain an incubation time of 5 days in
total. Samples from six different donors were applied for
validation by western blotting and zymography.

Cell extracts were prepared by detaching cells with
0.05 % trypsin/0.02 % EDTA (Biochrom, Berlin, Ger-
many) and cooled lysis of cell pellets with RIPA-buffer
(50 mM HEPES, 150 mM NaCl, 5 mM EDTA, 1 mM
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EGTA, 1 % Triton X-100, 0.1 % SDS, 1 % deoxycholate,
1 mM dithiothreitol [Roth, Karlsruhe, Germany; Serva,
Heidelberg, Germany; Sigma, Taufkirchen, Germany]).
Protein lysates were separated by SDS-PAGE with appro-
priate SDS gels (Amersham ECL gels, GE Healthcare,
Miinchen, Germany) and blotted on OPTITRAN BASS83
membrane. Primary antibodies for MMP-14 (rabbit-anti-
human, clone ID: EP1264Y, Epitomics, Burlingame,
USA), TSP-1 (rabbit-anti-human, Abcam, Cambridge,
United Kingdom), collagen type VI o chain 1 (rabbit-anti-
human, Atlas Antibodies, Stockholm, Sweden), collagen
type I o 1 (rabbit-anti-human, Sigma) and GAPDH (mouse-
anti-human, Merck-Millipore, Darmstadt, Germany) were
combined with IRDye 680RD goat-anti-rabbit or IRDye
680RD goat-anti-rabbit (LI-COR, Lincoln, USA) as sec-
ondary antibodies.

Cell-free supernatants were concentrated by ultrafiltra-
tion using vivaspin six columns (GE Healthcare) for
MMP-2 gelatine zymography [26]. An amount of 5 pug of
concentrated supernatant was diluted in a sample buffer
(0.3 M Tris-HCI pH 8.8, 4 % saccharose, 10 % SDS and
0.1 % bromphenol blue), applied to a 10 % SDS-gel con-
taining, 0.1 % gelatine, and was electrophoretically sepa-
rated. After electrophoresis, gels were washed in 2.5 %
Triton X-100 for 30 min and were incubated overnight at
room temperature in a development buffer containing
0.05 M Tris—HCI, pH 8.0, 8 mM CaCl,. MMP-2 associated
gelatine digestion was visualized as white bands in the gel
after staining with 0.1 % Coomassie blue R250 and clearing
with 7.5 % acetic acid. MMP-2 activity was quantified by
densitometric measuring (Intas, Gottingen, Germany). The
absolute integrated area under the peak was determined.

3 Results
3.1 Significance estimation of regulation thresholds

In order to estimate the effects of technical variance during
cell culture (labeling effect) and the biological variance
caused by different donors (donor effect), we set up two
control experiments. Samples from three different donors
were used for the significance estimation.

To investigate the labeling effect, cells from three dif-
ferent donors were split up and cultivated in either heavy
(containing '*C'"N lysine and '*C'°N arginine) or light
SILAC medium. Heavy and light stable isotope labeled
cells of the same donor were lysed, mixed and analyzed.
Analogously the donor effect was determined by mixing
differentially labeled samples of the different donors.
Between 600 and 900 proteins were quantified by Max-
Quant. Analysis of labeling effect resulted in average
0.6 % of all identified proteins fulfilling the up-regulation
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threshold, whereas 5.9 % pass the threshold for down-
regulation. This is clearly showing that the abundance of
light labeled proteins is overestimated during protein
quantification process even so typical contaminants such as
keratins, trypsin as well as rat collagen type I, which was
used as aECM component, were defined as contaminants
and thus discarded during the quantification process.

Six proteins are found to be regulated in all three rep-
licates with a log, FC less than —0.5. Namely, two Ras-
related proteins (RAB2, RABS), histone H1.2, dermcidin
and collagen type I o chains 1 and 2 are fulfilling the
threshold in all samples. The fact that all of these proteins
are showing a higher abundance of light labeled protein in
this control experiment indicates that these proteins can be
classified as contaminants. Dermcidin for example is a 91
amino acid long antimicrobial peptide secreted by perspi-
ratory glands which can occur as a contaminant. Even rat
collagen type I was already inserted to the contaminant list
of MaxQuant, the abundance of light labeled human col-
lagen type I is higher than the heavy labeled counterpart in
this control experiment. Only unique peptides were
accepted for calculation of heavy to light ratios. Which
means that collagen type I contamination has to stem from
another source than the applied aECM.

The donor effect was estimated by measuring a mixture of
heavy and light control samples of different donors. On
average 12.9 % of all identified proteins show a log, FC less
than —0.5, and 8.2 % have a FC larger than 0.5. To evaluate
whether this donor effect is random or not, only proteins which
had the same direction of FC in all replicates were used for
further analysis. Only 0.1 % of proteins identified in all rep-
licates fulfilled the threshold criteria and have the same
direction of FC. This demonstrates that variability of protein
abundance by different donors is exclusively a random effect.

To estimate the false positive rate (FPR) of regulated
proteins in our SILAC experiment, we used a stochastic
equation based on combinatorics. The FPR is calculated by
summing up, that three out of four or four out of four
measurements are representing a regulation by chance in
the same direction. As probability for false positive up- or
down-regulation we took the experimental values derived
from the donor effect measurements as it showed the
largest variability (p = 8.2 %, g = 12.9 %).

() 0 () 14 (2)

a-a+(3) <1 (1)

With Eq. 1 a FPR lower than 1 % was calculated for the
chosen protein regulation thresholds demonstrating high
significance.
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Table 2 Protein quantifications on C-HA and C-hsHA at 1 and 5 days post seeding
C-HA C-HA C-hsHA C-hsHA C-hsHA/C-HA C-hsHA/C-HA
1 days 5 days 1 days 5 days 1 days® 5 days®
Total protein quantifications 2262 2150 2244 2224 2109 1885
Proteins quantified in >3 replicates 1589 1318 1575 1529 1448 1213
70 % 61 % 70 % 69 % 69 % 64 %
Down-regulated 0 13 7 36 24 38
Up-regulated 7 12 1 18 9 46
Regulated proteins (%) 0.44 1.90 0.51 3.53 2.28 6.92

* Values for C-hsHA/C-HA are calculated by measured ratios of C-HA and C-hsHA at corresponding time points

3.2 Classification of quantified proteins

In the main proteomic experiments cellular response to the
different aECMs (C-HA and C-hsHA) after different incu-
bation times (1 or 5 days) was investigated. Overall 2,419
proteins were quantified. Between 61 and 70 % of these
proteins were quantified in at least three out of four bio-
logical replicates. Cell compartment classification of the
identified proteins was done according to gene ontology
(GO) annotations using the software STRAP (Software
Tool for Rapid Annotation of Proteins) [31] (Supplemen-
tary Table 1). Most proteins were assigned to the cytoplasm
(35 %) followed by the nucleus (34 %) and the plasma
membrane (15 %). Since we found only a few regulated
proteins for C-HA (1.9 %) but a more prominent effect for
C-hsHA (3.6 %), we calculated the ratio between C-hsHA
and C-HA at corresponding time points (Table 2). Thus we
eliminated the effect of the control matrix by dividing the
ratios of C-hsHA and C-HA. This is supported by the nor-
mal distribution around zero in the density plot of log, FCs
for C-hsHA related to C-HA at day 5 post seeding (Fig. 2a).
The fraction of regulated protein was between 2 (C-hsHA/
C-HA day 1) and 6.7 % (C-hsHA/C-HA 5 days) (Table 2).

Proteins fulfilling the regulation thresholds were clustered
using the web-based tool DAVID [25] according to their
molecular functions respectively their biological process
using the PANTHER GO database [24]. The cluster analysis
revealed one significant cluster (enrichment score >1.5) for
the comparison of C-hsHA and C-HA at day 5 post seeding.
Ten regulated proteins were associated to the ECM and cell
adhesion (MF00178, MF00179, BP00124). Based on the low
number of regulated proteins on day 1 post seeding, no sig-
nificant clusters could be determined. Classification and
clustering of regulated proteins according to the PANTHER
database is shown in Fig. 2.

3.3 Effects of HA sulfation on the expression of ECM
and cell adhesion related proteins

Bioinformatics analysis with DAVID shows regulation of
10 proteins associated with ECM (PANTHER cluster:

MF00178, MF00179, BP00124) at day 5 (Fig. 2) according
to HA sulfation. We manually added catK to the ECM
cluster since it is an important protein for collagen degra-
dation [32].

The regulated proteins MMP-14, collagen types I, VI
and TSP-1 were chosen to confirm the SILAC results
by western blotting (Fig. 3; Supplementary Table 2).
MMPs-2, -14, collagen type VI and TSP-1 showed the
same regulation as revealed by SILAC analysis. On the
other hand, collagen type I western blots could not verify
down-regulation of collagen type I on C-hsHA after 5 days
of exposure.

Additionally, MMP-2 zymography was performed to
measure the relative activity in the culture supernatants.
Both, protein expression determined by SILAC and
MMP-2 activity in the culture supernatant are diminished
by HA sulfation.

4 Discussion

Previous investigations indicated that matrices with sul-
fated GAGs modulate cellular responses like cell adhesion,
cell proliferation or matrix production [20]. In this study,
we set up a SILAC experiment to extend knowledge about
protein regulation caused by sulfation of HA with an un-
targeted approach. We focused on fibroblasts since these
cells are crucial for wound closure and synthesis of new
tissue.

We used primary dFb from healthy individuals in our
experiments to examine effects on the proteome as close as
possible to the in vivo situation. This is indispensable if the
results should be referred to the original cell metabolism.
For example Pan et al. [33] showed that a hepatoma cell
line had up-regulated cell-cycle associated functions and
down-regulation of drug metabolism compared to their
cognate primary cells. Contrary to our results, Abatangelo
et al. [34] reported that soluble hsHA (substitution degree
3) had no growth promoting effect on a mouse fibroblast
cell line (NTC L929). This result might also be caused by
the usage of an immortalized cell line. However, a clear
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drawback of experiments with primary cells lies in their
higher biological variance compared to cell lines.

SILAC is a well-established method to relatively
quantify the abundance of proteins in a shotgun approach.
It is well suited for experiments with primary cells because
control and treated sample from the same donor are
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«Fig. 2 Cluster analysis of proteins regulated by HA sulfation at day 5

post seeding. a The log, FC between the matrices C-hsHA and C-HA
is plotted against the density. FCs show a normal distribution around
zero. b Clustering of proteins regulated by HA sulfation according to
PANTHER biological processes. ¢ Clustering of proteins regulated by
HA sulfation according to PANTHER molecular functions. d FCs of
proteins clustered by DAVID according to PANTHER biological
processes and molecular function (MF00178 ECM, MF00179 ECM
structural protein, BP0O0124 Cell adhesion). *T test P value <0.05.
#catK was added manually to the cluster according to its collagen
degrading function in the lysosomes

a
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Fig. 3 Validation of selected proteins regulated by HA sulfation at
day 5 post seeding by western blotting and zymography. a Compar-
ison of log, FC values derived by SILAC, western blotting and
zymography. *T test P value <0.05. b Representative western blots.
¢ Representative MMP-2 zymography of culture supernatant

compared within one measurement. Therefore, the effect of
the donor is minimized. Nevertheless, experiments with
primary cells cause high variance of results. In order to
cope with this, we applied an extended set of controls for
the labeling as well as the donor effect. The results are
showing that for primary dFb, SILAC can be used to
investigate changes in the proteome with a FPR lower than
1 % with the applied criteria.

As expected the applied aECMs showed good biocom-
patibility which is in line with toxicity studies for sulfated
HA [34]. Our previous results already showed that sulfa-
tion of HA increases cell adhesion and proliferation [20].
The good biocompatibility is reflected by the fact that there
were no significantly regulated clusters detectable after
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Fig. 4 Comparison of regulated a
and non-regulated relevant
protein clusters by HA sulfation
according to PANTHER

a biological processes and

b molecular function at day 5
post seeding. The bars indicate
the number of identified
proteins which were regulated
(gray) or not regulated (black)
for each protein cluster. The two
graphs are divided in three
boxes. Regulated protein
clusters are in the upper boxes
(red). Protein clusters with less
than five proteins are in the
middle boxes (yellow). Protein

clusters which are not regulated b
and include more than five

protein identifications are in the

lower boxes (green) (Color

figure online)
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24 h of culture. In order to allow future work to focus on
the really relevant pathways and molecular functions in
terms of effects of aECM, we summarized the results of
gene enrichment analyses in Fig. 4. The figure shows rel-
evant protein clusters with information about significant
enrichment of regulated proteins. The diagram highlights
that neither apoptosis nor stress response are regulated by
HA sulfation. Thus any cell activation or danger programs
are excluded for the application of C-hsHA. However,
proteins in those relevant clusters could be selected and
used for fast and reliable detection with targeted approa-
ches like selected reaction monitoring [35], western blot-
ting or enzyme linked immunosorbent assay [36].

We focused on the significant clusters to show relevant
effects caused by HA sulfation. The gene enrichment
analyzes resulted in a clear enrichment in terms of cell
adhesion and regulation of the ECM. The biochemical
relationship between members of this cluster are shown in
Fig. 5a.

Collagen type I, which is the main type in the dermal
ECM [37], is the first member of the regulated protein
cluster (Fig. 2). Collagen type I gives tensile strength to
skin and bone tissue [38]. It replaces destroyed dermal
tissue and is deposited mainly by myofibroblasts upon
stimulation by TGF-f [39]. Western blotting could not
confirm decreased collagen type I expression in this study.
Nevertheless, the previous study of van der Smissen et al.
[20] support the results derived by SILAC.

0 10 20 30 40 50 60 70
No. of assigned proteins [-]

Collagen type XII protein expression is also reduced in
response to hsHA. It is localized at the surface of collagen
fibrils and acts as a bridge between them [40]. Increased
expression of collagen type XII by dFbs is known to pro-
mote collagen type I gel contraction [41]. Thereby defor-
mability is decreased and migration of dFb into the ECM is
inhibited [40]. dFbs produce more collagen type XII when
they grow on attached compared to floating collagen type I
gels [42], but the underlying mechanism is not discovered
by now.

On the other hand, cells on C-hsHA express higher
levels of collagen type VI. This ECM compound is known
to be produced by dFb when they get confluent to generate
an appropriate cell environment [43].

TSP-1 is also down-regulated for C-hsHA. The expres-
sion of TSP-1 is increased in response to tissue damage,
inflammation, or growth factors like platelet derived
growth factor, TGF-§ and basic FGF [44, 45]. Freshly
synthetized TSP-1 gets integrated in the ECM or binds to
the cell surface, where it is quickly internalized and
degraded [46]. TSP-1 has the ability to activate TGF- and
to inhibit angiogenesis [45, 47, 48]. It is also known to
influence adhesion, migration, cytoskeletal organization
and apoptosis of cells by interaction with different cell
receptors [45]. Thereby the mode of TSP-1 action strongly
depends on the cell type and its cell surface receptors. For
example smooth muscle cell migration is induced [45],
while essential signal cascades like the extracellular signal-
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Fig. 5 Biological processes and the relationship between proteins in
the regulated ECM associated cluster. a Scheme of protein relation-
ships in a biochemical context. The connection lines between the
different proteins indicate activation, inhibition, binding, or degrada-
tion of associated proteins or pathways. Proteins, which were found to
be down-regulated on C-hsHA are green, whereas up-regulated
proteins are marked bold red. b Influence of TIMP-2 on activation of
MMP-2 according to the proposed mechanism by Nagase et al. [61].
High concentrations of TIMP-2 inhibit proMMP-2 conversion by
blocking the active site of MMP-14. On the other hand, low
concentrations of TIMP-2 are required for MMP-2 activation. TIMP-2
binds to MMP-14 with its N-terminal domain. In a second step
proMMP-2 is recruited by MMP-14 bound TIMP-2. Closely located
free MMP-14 binds proMMP-2 and cleaves the propeptide to activate
MMP-2 (Color figure online)

regulated kinase (ERK) pathway are inhibited by TSP-1
[49]. The ERK pathway includes a phosphorylation cas-
cade of different proteins in response to growth factors,
cytokines or hormones. It controls different cell functions
like cell proliferation, differentiation and apoptosis [50].
Aberrant activation of the ERK pathway is present in many
cancers [51].

In our study, TSP-1 abundance was lower for the
C-hsHA matrix which had pro-proliferative properties on
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dFb in a previous study [20]. Hence, TSP-1 can promote
proliferation when TGF-f is bound whereas unbound
TSP-1 reduces proliferation by inhibition of the ERK
pathway (Fig. 5a). C-hsHA strongly binds TGF-f [52] and
thereby prevents TGF-f-signaling in fibroblasts grown on
C-hsHA (Anderegg U, personal communication). There-
fore, TSP-1 might be less effective on C-hsHA in addition
to its decreased expression observed here.

Additionally, decorin was found to be down-regulated
for C-hsHA. This proteoglycan with attached chondroitin
and dermatan sulfate chains interacts with many proteins of
the regulated ECM cluster. Two different binding sites
related to collagen fibrils enable decorin to bridge collagen
types I and VI [53] (Fig. 5a). Decorin has also the ability to
bind to collagen type XII [54]. It is essential for ECM
cross-linking since decorin deficient mice produce abnor-
mally fused collagen bundles which lead to increased skin
fragility [55]. On the other hand, cell attachment to TSP-1
is inhibited by decorin through binding to its cell adhesive
site [56] (Fig. 5a). Decorin is also important for binding
different growth factors like FGF-2 with its sulfated GAG
chains [57].

The MMPs-2 and -14 (also named MT1-MMP) and their
inhibitor tissue inhibitor of metalloproteinases 2 (TIMP-2)
build a complex regulation network for collagen degrada-
tion during wound healing. Besides collagen type I,
membrane bound MMP-14 has a huge variety of different
substrates including laminin, lumican, integrin «V, trans-
glutaminase, CD44H, syndecan 1 and IL-8 [58]. Collagen
fibers are degraded by MMP-14 in short fragments which
are further degraded intracellular by phagocytosis involv-
ing catK [32, 59].

MMP-2 is secreted in its inactive form proMMP-2 and
gets activated by MMP-14 (Fig. 5b) [60, 61]. Lee et al.
[59] showed that MMP-14 but not MMP-2 is necessary for
phagocytosis of collagen type 1. Indeed, MMP-2 is able to
cleave interstitial but not helical collagen type I [62]. Thus
MMP-14 is the key enzyme for collagen phagocytosis.
TIMP-2 is an inhibitor of both MMPs-2 and -14. Interest-
ingly, activation of proMMP-2 by MMP-14 is enhanced by
a low amount of TIMP-2, whereas higher concentrations
lead to inhibition of MMP-14 [63] (Fig. 5b). Additionally,
blocking of TIMP-2 by an antibody abrogates MMP-2
activation [63, 64]. Moreover, HA has also the ability to
induce proMMP-2 activation [65]. Sulfated HA might not
have the ability to induce proMMP-2 activation, which
results in lower abundance of active MMP-2 for cells
grown on C-hsHA.

CatK is also related to ECM degradation processes due
to its ability to degrade collagens, elastins and proteogly-
cans [66]. Collagens are degraded after endocytosis in the
lysosomes where catK is highly expressed [32]. CatK is
usually not expressed in healthy skin, while its expression
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is induced by inflammation or in scar formation [32, 66].
For example it is up-regulated in synovial fibroblasts,
which are key players in rheumatic arthritis because of
their cartilage degrading activity [66]. In our experiment
MMPs-2, -14, TIMP-2 and catK are down-regulated when
comparing the aECMs C-hsHA and C-HA. Furthermore
previous results showed, that MMP-1 is significantly down-
regulated on mRNA level for C-hsHA [20] suggesting
altogether that matrix remodeling is diminished by hsHA.
This hypothesis is strengthened by the down-regulation of
collagen types I and XII expression. Cells growing on non-
sulfated matrix might degrade the provided aECM and
build up their own matrix according to their requirements.

Interestingly, therapeutic wound dressings which result
in an reduced ECM degradation or direct inactivation of
MMPs are known to improve healing of chronic skin
wounds since disorders in the MMP-TIMP balance can
lead to fibrosis, metastasis or tumor growth [37]. There are
several clinical products on the market, which target MMPs
to rebalance the wound environment and to improve
healing of chronic wounds. Promogran® for example
consists of oxidized regenerated cellulose and collagen
which binds and inactivates MMPs [67]. The product Fi-
bracol® also reduces the activity of MMPs by competitive
inhibition with collagen [68]. A formulation of metal ions
and citric acid is used in DerMax® wound dressings to
reduce oxygen free radicals and MMP-2 activity [69, 70].

In conclusion, introduction of sulfate groups in HA of
growth substrates influences the expression of MMPs and
other ECM related proteins which are involved in ECM
remodeling by dFbs. These effects occur without induction
of stress, promising good biocompatibility of hsHA.
Especially, considering the described positive effects on
healing of chronic wounds by inhibition of MMPs along
with increased proliferation [20] and the low cellular stress
level further encourages the application of hsHA as an
appropriate therapeutic agent in wound dressings.

Our study shows that quantitative proteomics is a
valuable tool for unbiased evaluation of aECM effects. It
can be used to preselect suited aECM prior to animal
testing. Moreover, the untargeted protein analysis provides
a set of biological markers and pathways for further
detailed investigations. Thereby animal experiments can be
reduced to promising aECMs for clinical application.
Nevertheless, in vitro experiments cannot completely
simulate the situation in vivo. Ultimately further investi-
gations of aECMs in animal experiments are indispensable
to proof their influence on wound healing and long term
effects.
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3.6.1. Abstract

About 50% of mankind is infected by the carcinogerisram-negative-proteobacterium
Helicobacter pylori. Especially duodenal ulcers and stomach cancec@maected to these
infections.H. pylori has two viable morphological stages, spiral aratom forms. The spiral
morphology is infectious whereas coccoid shapeld sblow no or strongly reduced infectivi-
ty as well as attenuated host colonization efficjeiHere, we investigated relative changes in
protein expression between the spiral and the &iabtcoid morphologies. For this purpose,
we established stable isotope labeling by amindsaici cell culture (SILAC) for thél. pylori
strain 26695 and applied this method to identif$67a@nd to relatively quantify 47% of its
proteome. Our results show, that crucial procesgel as chemotaxis and the cytotoxin asso-
ciated gene type four secretion apparatus are degulated in coccoid cells. Additionally,
cell division, transcriptional and translationabpesses are also inhibited. Furthermore, the
proteins arginase and the TNFnducing protein that are involved in colonizatiand in-
flammation processes are also down-regulated. Hexyekie vacuolating autotransporter A
and several outer membrane proteins have showr tapkregulated in coccoid cells. This
newly established method for relative protein qgif@ation of H. pylori samples offers new
possibilities to study the impact of antibioticspathways which are regulated during the in-
fection process.

3.6.2. Introduction

The major human pathogetelicobacter pylori is a gram-negative bacterium that colonizes
the stomach of about half the human populationa# the ability to survive in the acidic envi-
ronment of the stomach. Supported by chemotakipylori cells swiftly swim to more neu-
tral pH of the gastric mucosa [215]. The urea clehtrel is used to transport urea into the
environment in response to acidic conditions [2Bjbsequently, the urease (UreA, UreB) of
H. pylori converts urea into carbon dioxide and ammoniaaudiglly neutralize the acidic
environment [217]. Essential for the survivaldhfpylori in the stomach, the intracellular ure-
ase stabilizes the pH of the cytoplasm in resptmsé&ong acids [218].

The cork-screw like shape allows spikhlpylori cells to penetrate the viscous mucosa that
protects the gastric epithelial cells from acid9R1Adhesins such as BabA and OipA pro-
mote adherence to gastric epithelial cells [220f Ppreferred binding site &f. pylori cells is

in close proximity to the tight junctions of theitielial cells in order to have optimal access
to nutrients that are released by gastric epithebds [221]. Tight junctions are the major
barrier that separates the stomach content asasgiathogens from the underlying tissue.
They are based on integral membrane proteins suobaudin, claudins and junctional adhe-
sion molecules that connect the cells to each ¢#g#]. Additionally, these proteins are cou-
pled to the actin cytoskeleton via scaffolding pnos [222].
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H. pylori deregulates the cell junctions by the virulencedaccytotoxicity-associated immu-
nodominant antigen CagA, the vacuolating cytotoairtotransporter VacA and the serine
protease HtrA. CagA is translocated by the type gmeretion system into epithelial cells and
disrupts junctions of claudin-4 by activation o€tRho kinase [223]. Secreted Vaea well

as ammonia produced by urease reduce the transkgditiiectric resistance of gastric epithe-
lial cells [224, 225]. The serine proteases HtrAramslocated into epithelial cells and cleaves
E-cadherin, the major protein of adherence junstif#26]. Additionally, the expression of
claudins and E-cadherin are reduced in infectethelml cells [227, 228].

Infected gastric epithelial cells produce severakipflammatory cytokines and chemokines
such as interleukin 8 (IL-8), ILE; IL-6, epithelial derived neutrophil activatingopein 78
(ENA-78), tumor necrose factar(TNF-o) and the granulocyte-monocyte colony stimulating
factor (GM-CSF) [74, 76, 77, 229, 230]. The produttof these substances is triggered by
virulence factors such as CagA or the tumor necfas®r a inducing protein (Tipx) [73,
230-232]. Persistent infections accompanied byrgasiflammation can cause severe diseas-
es like gastritis, peptic ulcer, mucosa-associbtegbhoid tissue (MALT) lymphoma and gas-
tric adenocarcinoma [233, 234].

Three different morphologies &f. pylori have been found in gastric biopsies: spiral viable
cells and coccoid forms that are further subdiviged viable but under standard conditions

non-cultivable and degenerative cells. Saital. [24] describes the viable coccoid morpholo-

gy as cells with intact cell wall structures anagttlla coiled around their bodies. The degen-
erative phenotype is characterized by disintegratethbrane structures and cell clustering
[24].

In vivo, spiral and coccoid forms &f. pylori coexist [235]. The conversion from the spiral to
the coccoid morphology can be triggered by stanwmatbxidative or acidic stress and antibiot-
ics but also prolongeih vitro culturing [83-86]. It is controversially discussedhether coc-
coid cells are viable or not [236]. However, matydges have proven coccaditl pylori to be
biologically active [24, 85, 237-240]. The cocconbrphology, e.g., showed to retain protein
expression activity [240]. Even though the infeityivis strongly reduced compared to the
spiral morphology, the protein content is not &teby the transformation from the spiral to
the coccoid cell shape [95].

In animal experiments, coccoid cells were unableolonize the stomach mucosa of gnotobi-
otic piglets [25]. Furthermore, coccoid cells indddess inflammation response in mice [26].
Gastric epithelial immortalized (GES-1) cells stlatad with coccoidH. pylori showed lower
apoptosis rates and reduced production of prosmftatory cytokines and chemokines com-
pared to infection with the spiral form [89]. Difent gastric adenocarcinoma cell lines also
showed less inflammatory response to cocttigylori [87, 88]. However, the documented
effects are dependent on the multiplicity of infewt
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Therefore, distinct protein expression differencas be expected between both viable mor-
phologies. This was already studied by Bumahal. [95]. In this study, 27 proteins were
observed to be differentially expressed betweentwlee morphologies oH. pylori. Further
studies include investigations on altered protapression in response to oxidative stress [83,
92], mice colonization [241], gastric epithelialllcapoptosis [98], growth conditions [96],
acidic stress [91], and iron uptake [93, 94]. Hoerewall of these proteomic studies were per-
formed by comparative two-dimensional gel electaphkis (2D-PAGE) [91-96, 98, 241-
243].

In recent years, the development of different igetdabeling techniques enabled high
throughput relative shotgun quantification of pnasebelonging to different cells states within
one analysis. Metabolic isotope labeling was fingplied by'*C or °N [195, 244] labeling
before stable isotope labeling by amino acids ih @dture (SILAC) was developed [199].
The application SILAC offers direct metabolic laihgl of distinct amino acids [199] and has
proven to be a technique with low relative standiediation (< 10%) [38, 214]. Hereby, rela-
tive quantification is obtained by the abundanceliierentially labeled proteolytic peptides
that co-elute during LC-MS/MS analysis.

Typically, stable isotope labeled lysine and amggnare used for SILAC to ensure labeling of
all tryptic peptides (except the ones originatingnf the protein C-terminus). However, cells
have to be cultivable in a chemically defined, mial medium and complete incorporation of
labeled amino acids has to be assured. Specifatitgpof selected amino acids, namely cys-
teine and methionine, can also be achieved by grawthe presence of isotopically labeled
sulfur [197].

In this study, we established SILAC as a generdhoteto analyze protein expression chang-
es ofH. pylori. We were able to quantify 47% of the pylori proteome and investigated dis-

tinct differences in protein expression betweengpieal and the coccoid morphology. Addi-

tionally, we used the HPnc5490 sRNA deletion mutatinternal control. This mutant is

known to regulate the transcription of the chemistagceptotIpB by trans antisense interac-

tion [245]. Our study reveals regulation of proteinvolved in processes like colonization

and inflammation promotion of gastric epitheliall@nd infectivity.

3.6.3. Methods

Incorporation of isotopically labeled amino acids

The incorporation of stable isotope labeled lysand arginine was tested before starting the
main experimentH. pylori strain 26695 was cultured in Ham’s F12 medium Hawit argi-
nine and lysine, Biosera, UK) supplemented withdpizally labeled arginine (6 ¥C) and
lysine (6 x*3C, 2 x**N) (Cambridge Isotope Laboratories, USA) to test iticorporation of
these amino acids. Cells were cultivated for mbamtsix cell divisions with one intermediate
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medium exchange to prevent nutrient deficiencytolse labeled amino acid incorporation
efficiency was determined after tryptic digestignUC-MS/MS analysis.

Cell culture

The main experiment was only performed with stafd¢ope labeled arginine since incorpo-
ration of labeled lysine was not sufficieht. pylori strain 26695 was cultured in Ham’'s F12
medium (without arginine, Biosera, UK) supplementeth either “light”, “heavy” or “medi-
um” isotopically labeled arginine (Cambridge Isadpaboratories, USA) and 5% (v/v) dia-
lyzed fetal calf serum (FCS) (Thermo Scientific,A)J&ccording to Tab. 3-1. Four biological
replicates were used for this study.

A preparatory cell culture with the appropriate med for five cell doublings was applied to
reach full incorporation of labeled amino acidstle proteins. Main cultures were started
with an optical density of 0.02 at 600 nm. Cellgeveultured at 37 °C, 5% and 10% CQ
while shaking at 140 rpm. Cultures with medium &eavy labeling were stopped after 8 h
showing only spiral morphology. Morphology transf@tion to coccoid shape was examined
after 48 h. Light labeled cells were cultured fartvto attain coccoid morphology.

Tab. 3-1: Isotopic label of different cell cultures

Morphology / cell type lLabeling Designation
Coccoid Arginine (6 x 2C, 4 x 14N) Light
Spiral Arginine (6 x °C, 4 x *N) Medium
HPNc5490 sRNA deletion mutant | Arginine (6 x °C, 4 x °N) Heavy

Cell harvesting and lysis

Cells were harvested by centrifugation (5000xg)sliveal twice with 4 °C cold PBS and
stored at -80 °C until further usage. Cell pelletre resuspended in lysis buffer (4% wiv
SDS, 100 mM Tris/HCI pH 7.6, 0.1 M DTT) and incukdtfor 3 min at 95°C. For more effi-
cient lysis and cleavage of DNA, cells were furtderupted by ultrasonification. Cell debris
and undissolved material was removed by centrifagatl6000xg, 18 °C, 5 min). The pro-
tein concentration of each sample was determine®ibsce 660 nm assay (Thermo Fisher
Scientific, USA) using bovine serum albumin as d&ad (Sigma Aldrich, Germany). After-
wards, the corresponding samples of each biologegdicate with heavy, medium and light
arginine labeling were mixed 1:1:1 according tophatein content.

SDS-PAGE

For 1-D SDS-PAGE, 50 pg total protein of each lgatal replicate was concentrated using
centrifugal filtration devices (Vivacon 500, Saitsr Stedim Biotech GmbH, Germany) with
a MW cut-off of 10 kDa. Protein separation by 1-DSSPAGE was performed as previously
described [4]. Each line was cut in ten gel sliddse slices were divided into two parts and
were subjected to different reaction tubes fordmy@and AspN digestions.
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Gel elution liquid fraction entrapment electrophore sis

To increase the coverage of low molecular weighM\() proteins, an additional protein frac-
tionation was carried out by gel elution liquid dtian entrapment electrophoresis (GEL-
FREE) on a GELFREES100 Fractionation System (Expedeon, USA) witl2% Iris acetate
cartridge kit (Expedeon, USA). A protein amoun260 pg was subjected to GELFREE sep-
aration per biological sample. Five fractions ie ttmolecular weight range between 0 and
50 kDa were collected to increase the coveragewiholecular weight proteins (Tab. 3-2).

Tab. 3-2: Program for the GELFREE 12% tris acetate cartridge kit separation.
Fraction 1 2 3 4 5

t [min] 59 75.6 93.9 112.2 130.5
Buffer Exchange X - X - -
Voltage [V] 50 50 85 85 85
MW range 0-10 10-20 20-30 30-40 40-50

Proteolytic digestion

Two different endoproteases, namely trypsin and\Aspere applied for proteolytic digestion
of fractions obtained by 1-D SDS-PAGE as well asLEREE separation. Reduction and
alkylation of proteins for in-gel digestion wererfsemed as previously described [246]. In-
gel digestions were conducted by addition of eithgssin from bovine pancreas (100 ng per
slice, Roche, Germany) or Asp-N fraRseudomonas fragi (100 ng per slice, Roche, Germa-
ny) and incubation overnight at 37 °C. Digestionsravstopped by addition of formic acid
(final concentration 1% (v/v)). Peptides were alutwice with 50% (v/v) acetonitrile contain-
ing 0.1% (v/v) formic acid. Eluates were combinethwhe supernatant and dried by vacuum
centrifugation. Samples were reconstituted witl®(%/v) formic acid for LC-MS/MS analy-
Sis.

The fractions derived from the GELFREE separati@readigested using the filter assisted
sample preparation (FASP) protocol [142] with mimeoodifications. Briefly, approximately
5 ug protein per fraction was used. Proteolyticedigpn was performed after alkylation by
addition of either 150 ng trypsin or 150 ng AspNlancubation overnight at 37 °C. Eluted
peptides were concentrated using ZipTips (MercKiptite, Germany) according to the pro-
tocol of the manufacturer. Samples were dried byuuen centrifugation and reconstituted
with 0.1% (v/v) formic acid.

LC-MS/MS analysis

Peptides were separated on a nano-HPLC systemAqaitg, Waters, Milford, MA, USA)

coupled online with an LTQ Orbitrap Velos mass sfeoeter (Thermo Fisher Scientific, San
Jose, CA, USA). Peptides were washed with 2% attatercontaining 0.1% formic acid and
a flow rate of 15 pL/min for 5 min on a trappinglwon (nanoAquity UPLC column, C18,
180 umx20 mm, 5 um, Waters). Peptide separationpgeermed using a gradient from 2-
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40% acetonitrile, 0.1% formic acid on a C18 colufmanoAcquity UPLC column, C18,

75 umx150 mm, 1.7 um, Waters) with a flow rate @ 8l/min and a column temperature of
40 °C. Fractions derived from in-gel digestion weeparated with a gradient of 94 min
(2 min, 2%; 7 min, 6%; 55 min 20%; 91 min, 40%;rAH, 80%), whereas GELFREE frac-
tions were separated using a gradient of 154 mimi(@ 2%; 11 min, 6%; 90 min 20%;

150 min, 40%; 154 min, 80%).

The mass spectrometer automatically switched betvigé scan MS modenf/z 300-1600,

R = 60000) and tandem MS acquisition. Peptide mxseeding an intensity of 2000 counts
were fragmented within the LIT by CID (isolationdth 3nVz, normalized collision energy

35%, activation time 10 ms, activation Q 0.25). ynamic precursor exclusion of 2 min for
MS/MS measurements was applied.

Data analysis

Peptide identification and relative protein quao#fion was carried out by Maxquant [199,
247] (version 1.2.2.5, Max Planck Institute of Biemistry, Munich, Germany). Peptide and
protein identification was performed by Andromed8(Q] using a concatenated database con-
taining forward and reverse entries of all protenfidd. pylori strain 26695 from NCBI re-
fined by results of a proteogenomic analysis [4kdarsor masses were recalibrated by the
option “first search” using a peptide mass toleeant 20 ppm. The main search was per-
formed with a peptide mass tolerance of 6 ppm afmdgment mass tolerance of 0.5 Da. Two
proteolytic missed cleavages were allowed. For $esndigested with trypsin, carbami-
domethylation of cysteine was defined as fixed rication, whereas oxidation of methio-
nine was set as variable modification. For enda@asd AspN digestions, pyro-glu modifica-
tion of glutamic acid and glutamine at the pepfidéerminus were additionally specified as
variable modifications. AspN was specified to clkeat the N-terminal side of aspartic acid
and glutamic acid. An FDR of 1% was applied for tpp and protein identifications. Two
unique peptides were necessary for protein ideatibns. For relative protein quantification,
the required minimum ratio count was set to two.

Only proteins which were identified in at leasterout of four biological replicates were

considered for statistical analysis. A fold cha(§€, log of protein ratio) of + 0.5 was set as

regulation threshold for proteins. A heteroscedastvo-sided student t-test was applied to
distinguish significant protein regulation £ 5%). Proteins were defined as significantly reg-
ulated between the different cell states if thdfilfed both thresholds, an average FC exceed-
ing £ 0.5 and a t-test p-value lower than 0.05. dilantified proteins were loaded into the

kyoto encyclopedia of genes and genomes (KEGGgBy§248, 249] using the software tool

KEGGArray [250] for pathway and functional analydtsirthermore, the Clusters of Ortholo-

gous Groups of proteins (COGs) database was udaddbonally classify proteins [251].
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3.6.4. Results

Establishment of SILAC for H. pylori

We have chosen the chemically defined Ham'’s F-18iume for our SILAC study since it
permits growth oH. pylori without influencing the morphology [22, 23]. Grdwtharacteris-
tics and cell morphology were not altered by thieA®l medium. Incorporation of isotopical-
ly labeled lysine and arginine was tested befoaeting the main experiment. Proteins were
fully labeled with arginine but not with lysine. &v at four fold lysine concentration, lysine
incorporation was below 80% after six cell divisoherefore, we decided to use only iso-
topically labeled arginine in our study.

Protein identifications and quantifications

Overall, 1143 proteins, representing 72% of thegmme ofH. pylori, were identified by at
least two unique peptides. Within this set, 743gins (47% proteome coverage) were quan-
tified in at least three out of four biological heptes. Comparison of the spiral and the coc-
coid morphology showed significant expression défees (t-test p-value < 0.05, average
fold change > 0.5 or <-0.5) for 162 proteins oficth74% displayed a higher expression in
spiral cells (Fig. 3-1 A; Tab. 3-3). Only 32 prateifulfilled the regulation thresholds when
comparing spiral wild type cells with tkdHPnc5490 sRNA mutant (Fig. 3-1 B; Tab. 3-3).
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Fig. 3-1: Ratio blots of the coccoid and spiral morphology of H. pylori strain 26695 (A) and the

HPnNnc5490 sRNA deletion mutant and the wild type (B). The distribution of the regulation according to
the morphology is shifted towards lower expression for the coccoid morphology. The expression val-
ues are widely distributed dependent on the morphology whereas the AHPnc5490 sRNA mutant ratio
blot is narrow distributed.
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Tab. 3-3: Protein identifications and quantifications between the different cell states.
Spiral vs. coccoid AHPNc5490 sRNA deletion

mutant vs. spiral

Protein identifications 1143 1143

— — — -

ngnuﬁed proteinsin 2 3 biological 243 243

replicates

Regulated proteins 162 (22.8%) 32 (4.3%)

Higher expression in spiral cells 120 (16.2%) 13 (1.8%)

Higher expression in coccoid cells / o o

HPNc5490 sRNA deletion mutant 42 (5.6%) 19 (2.6%)

Since only arginine was used in this study forapat labeling, only arginine containing pep-
tides can be utilized for relative quantificatiokspN was applied as additional protease to
trypsin to increase the number of unique peptidegpfotein identifications and quantifica-
tions (Fig. 3-2). The application of AspN only $iify increased the number of protein identi-
fications on average by 4.7% (50.5), but strongippeorted the quantification by 65.3%
(6829.8) additional unique peptides. Thus, the remmdf protein quantifications was in-
creased on average by 16.7% (111.0) in comparsarypsin. In summary, AspN provided
17.9% (113) additional protein quantifications triesmst three out of four biological samples.

The application of the GELFREE separation for gratdelow 50 kDa provided on average
11.4% (110.3) additional protein identificationgda20.3% (131.0) quantifications. The num-
ber of quantified proteins in at least three ouffaafr biological samples was increased by
22.4% (136) by the GELFREE separation.

I. Cell culture II. Cell lysis lll. Protein IV. Enzymatic V. LC-MS/MS analysis VI. Data procesing
+ mixing fractionation  digestion and analysis
SDS-PAGE
AHPn05490 @ iy -
waac 4X15N - i Maxquant
o s = heavy
| ~ . Ma.
spira . - £ \
medium @ =) @ TRQ;?\'JH e =
6x"C, 4x"N g | light KEGG
~ Gelfree ‘ medium
coccoid: > ""l o\ 2: "' lr‘ ' l \. L |' \ @
o @ &= © = e i i
BXWZC 4x14N
Fig. 3-2: Experimental workflow of the SILAC experiment. (I) Starter culture is grown until 95%

incorporation of the labeled amino acids is reached. The main culture is performed in the same media.
(I1) After cell harvesting and lysis, cell lysates are mixed 1:1:1 according to their protein content. (lll)
Proteins are separated by SDS-PAGE and GELFREE fractionation. (IV) The gained fractions are di-
gested separately with trypsin and AspN. (V) Samples are analyzed by LC-MS/MS. (VI) Protein identi-
fication and quantification is performed by Maxquant. Pathway and functional analysis is carried out
with KEGG.
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Differences in protein expression of the wild type compared to the HPnc5490
SRNA mutant

The HPnc5490 sRNA is predicted to interact with #dTR of thetlpB (HP0103) mRNA
which encodes for one of the four chemotaxis remspflIpB is believed to play a role in pH
sensing, quorum sensing and pH taxis [245]. Indd&oB was found to be 9.5-fold up-
regulated (HP0103, Ig§C = 3.24, p-value = 1.6E-04) in tA¢1Pnc5490 sRNA mutant com-
pared to the wild type. The protein Che{HP0616, log FC = 0.51, p-value = 1.0E-03)
which is also involved in chemotaxis was also digantly up-regulated in the mutant. Re-
markably, the arginase RocF (HP1399,16¢ = -1.41, p-value = 8.4E-05) that is crucial for
the buffering of the acidic environment in the sémm, showed to be down-regulated in the
mutant. No accumulation of functionally relatedteins was observed among the significant-
ly regulated proteins for the HPnc5490 deletionantit

Differences between spiral and coccoid morphology

Overall, 162 proteins were found to be significartdifferentially expressed in coccoid cells
compared to the spiral morphology. The regulatemtemms were classified into functional
groups according to KEGG database [249] and COGGtiiters [251] (Fig. 3-3, Tab. 3-4).
Most groups showed to be down-regulated in coccell$. Several proteins involved in cell
division and transcription and translation weredowxpressed in coccoid cells. Additionally,
several proteins related to chemotaxis or infetiwere found to be lower expressed. Re-
markably, numerous outer membrane proteins welteehigxpressed in coccoid cells.

A B

* non-regulated . : outer membrane protein
54| down-regulated |, : protein turnover
- up-regulated < ; protein folding / turnover

o g ; chemotaxis

S e i i cell division
. i : - 3 DNA repair

DNA digestion
translation
transcription
invectivity
drug resistance
iron storage

mup mdown

-log,, (p-value)
w

0 : Y adhesion |
6 5 4 3 2 -1 0 1 2 3 0 2 4 6 8 10 12 14
log, (coccoid/spiral) No. of regulated proteins
Fig. 3-3: (A) Vulcano blot of relatively quantified proteins between the coccoid and the spiral

morphology of H. pylori. The dotted lines indicate thresholds set for regulation (FC <-0.5 and
FC > 0.5) and the significance (t-test p-value < 0.05). Significantly higher expressed proteins in coc-
coid cells are indicated in red whereas lower expressed proteins are marked blue. (B) Classification of
regulated proteins. Red bars indicate higher expression for the coccoid morphology whereas blue bars
indicate lower expression.

Expression of several proteins involved in DNA regiion showed to be attenuated in coc-
coid cells. The NAD dependent RNA ligase LigA (HRBband the DNA polymerase subunit
a (HP1460) were also significantly down-regulateacatcoid cells. The cell division protein

FtsZ (HP0979) and the plasmid replication-partitrefated protein exhibited the most pro-
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nounced down-regulation (Tab. 3-3). The proteirZ k$sessential for the production of a new
cell wall during cell division [252].

Additionally, the expression of many transcriptibregulators, as well as the DNA-directed
RNA polymerase subunib (HP0O776), was reduced in coccoid cells (Tab. 348)ontrast,
the adenine/cytosine DNA methyltransferase wasdrtigixpressed in the coccoid morpholo-

ay.

Interestingly, proteins involved in chemotaxis asllvas the flagellar assembly bf. pylori
were also lower expressed in coccoid cells. Themchaxis response regulators CheV
(HP0616) and CheM(HP0393) were down-regulated in the coccoid molgio Moreover,
the flagellar motor switch proteins FIiN/FliY (HP3Q) and FliG (HP0352) were found to be
lower expressed. In addition, the hook basal-bodgtemns FIE (HP1557) and FlgG
(HP1585), the MS-ring FliF (HP0351) as well as thetor switch protein G (HP0352) were
less abundant in coccoid cells.

Different cytotoxicity-associated gene (cag) pa#rgity island proteins and the cytotoxici-
ty-associated immunodominant antigen CagA (alsoeth@ag26) itself were found to be
down-regulated in coccoid cells. Namely, Cag6é (HE)5 Cagl4 (HPO0535), Cag22
(HP0543) and Cag26 / CagA (HP0547) were signifigalotwver expressed in coccoid cells.
CagA was 5.5 times higher expressed in the spicaphology. The cag proteins are part of
the type IV secretion system that translocates Ciay@\ the epithelial cells of the stomach
mucosa during infection. On the other hand expoessif the vacuolating cytotoxin auto-
transporter VacA (HP0887), the virulence assogateein VapD (HP0315), and the cell ad-
hesion protein OipA (HP0638) were significantlyreased in coccoid cells.

Additionally, the infection-related proteins argsgaRocF (HP1399) and tumor necrose factor
o (TNF-0) inducing protein (Tipt, HP0596) were significantly down-regulated in cadc
cells. The abundance of two urease accessory psotéieE (HP0070) and UreG (HP0068),
which are meaningful for pH adaption of the envimamt, were also found to be reduced.
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Tab. 3-4: Classification of regulated proteins between the coccoid and spiral morphology of H. pylori

g protein description HP No. log> T-test Functional
accession FC p-value class
15646069 DNA polymerase Il subunit alpha HP1460 | -2,95 | 1,23E-04 | cell division
15645752 E'rf‘)f;?rgd replication-partition related | 5113 | 385 | 1.82E-06 | cell division
15645594 | cell division protein FtsZ HP0979 | -1,67 | 6,68E-03 | cell division
15645240 NAD-dependent DNA ligase LigA HPO0615 | -1,55 | 1,17E-03 | cell division
15645128 DNA gyrase subunit B HPO0501 | -1,54 | 2,56E-02 | cell division
15645753 | SPOO ir:ecghl:lc?r;oésg?’r\otja) pg r’t*igfn"’i‘rfgs N 11p1139 | -0,97 | 3,12E-08 | cell division
15645657 response regulator for cell division HP1043 | -0,96 | 1,72E-05 | cell division
15645796 E;glde'cctggtrypase implicated in cell | 51985 | 096 |8,33E-04 | cell division
15646192 | flagellar basal body rod protein FIgG HP1585 | -2,95 | 3,43E-02 | chemotaxis
15645644 | flagellar motor switch protein FliY HP1030 | -1,77 | 1,70E-04 | chemotaxis
15646164 | flagellar hook-basal body protein FIiE HP1557 | -1,56 | 2,86E-02 | chemotaxis
15644980 | flagellar motor switch protein G FIiG HPO0352 | -1,44 | 5,37E-05 | chemotaxis
15645649 | flagellar biosynthesis regulator FIhF HP1035 | -1,42 | 1,30E-04 | chemotaxis
15645241 | chemotaxis protein CheV2 HPO0616 | -0,98 | 1,58E-03 | chemotaxis
15645021 | chemotaxis protein CheV3 HPO0393 | -0,81 | 1,92E-03 | chemotaxis
15645370 | flagellar protein FlaG HPO751 | -0,81 | 2,66E-02 | chemotaxis
15644979 | flagellar MS-ring protein FliF HPO0351 | -0,78 | 3,22E-02 | chemotaxis
15646091 Exodeoxyribonuclease 7 small subunit | HP1482 | -0,96 | 4,82E-03 | DNA digestion
15645227 | endonuclease Il HP0602 | 1,09 | 1,48E-03 | DNA digestion
15645673 Holliday junction DNA helicase B HP1059 | -2,29 | 2,67E-04 | DNA repair
15645541 recombination protein RecR HP0925 | -1,94 | 4,14E-03 | DNA repair
15645238 | ABC transporter, ATP-binding protein HP0613 | -1,55 | 2,10E-04 | drug resistance
15644863 | putative beta-lactamase HP0235 | -0,72 | 1,79E-03 | drug resistance
15645161 | cag pathogenicity island protein Cagl4 | HP0535 | -2,63 | 2,15E-02 | infectivity
15646009 | arginase RocF HP1399 | -2,41 | 8,11E-05 | infectivity
15645173 fﬁ?t;’,f{%teynaéi‘éi\'a}téig PAMUNOdOmt- | posa7 | -2,35 | 1,48E-02 | infectivity
15645169 cag pathogenicity island protein Cag22 | HP0543 | -2,05 | 2,32E-06 | infectivity
15645152 | cag pathogenicity island protein Cagé | HP0526 | -1,53 | 1,77E-04 | infectivity
15645221 | TNF-a inducing protein Tip-a HP0596 | -1,34 | 2,92E-04 | infectivity
15644698 urease accessory protein UreG HPO0068 | -0,86 | 1,21E-02 | infectivity
15644700 | urease accessory protein UreE HPOO0O70 | -0,65 | 8,02E-03 | infectivity
15644804 | cell binding factor 2 HPO0175 | -0,51 | 2,12E-02 | infectivity
15645505 | vacuolating cytotoxin autrotransporter | HP0887 | 1,05 | 1,98E-03 | infectivity
15645262 OOT:)(X membrane protein (Ompl3) / HPO638 | 1,21 | 6,69E-04 |cr)n|‘\</|ecF:)t|V|ty
15644943 | virulence associated protein D (VapD) | HP0315 | 1,60 | 4,69E-02 | infectivity
15645277 nonheme iron-containing ferritin (Pfr) HP0653 | 2,23 | 3,72E-04 | iron storage
15646005 | outer membrane protein (Omp30) HP1395 | 0,51 | 1,19E-02 | OMP
15644882 | outer membrane protein (Omp8) HP0254 | 0,51 | 4,65E-03 | OMP
15645539 | outer membrane protein (Omp22) HP0923 | 0,58 | 2,27E-02 | OMP
15645739 peptidoglycan associated lipoprotein HP1125 | 062 | 2,07E-03 | OMP

precursor (Ompl8)
15644757 | outer membrane protein (Omp4) HPO0127 | 0,66 | 5,68E-03 | OMP
15645770 | outer membrane protein (Omp25) HP1156 | 0,86 | 2,07E-02 | OMP
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g protein description HP No. log> T-test Functional
accession FC p-value class
15645329 | outer membrane protein (Ompl5) HPO706 | 0,91 | 1,74E-03 | OMP
15645100 | outer membrane protein (Omp11) HPO0472 | 1,39 | 3,26E-04 | OMP
15644740 co-chaperone and heat shock protein HPO110 | -0,83 | 6,92E-04 protein folding /

(GrpE) turnover
15645638 co-ch_aperone—curved DNA binding HP1024 | -0,55 | 7,94E-03 protein folding /
protein A (CbpA) turnover
15644666 | ATP-dependent Clp protease (ClpA) HPO0033 | -3,41 | 1,25E-03 | protein turnover
15644665 | nypothetical protein HPOO32 /predicted | 50535 | 1 g1 | 4,34E-02 | protein turnover
ClpS protease
15645984 SAJb'TJ'gi‘fpe”dem protease ATP-binding | \\n1374 | 157 | 341E-03 | protein turnover
15645989 | ATP-dependent protease (Lon) HP1379 | -0,82 | 2,75E-02 | protein turnover
15645175 | transcription termination factor Rho HPO550 | -2,79 | 1,12E-03 | transcription
15645485 | transcription elongation factor GreA HPO0866 | -1,40 | 3,37E-03 | transcription
15645395 Eﬂé;;‘reaed RNA polymerase subunit | 00776 | 131 | 1,30E-03 | transcription
15644718 RNA polymerase sigma factor RpoD HPO0088 | -1,24 | 3,49E-03 | transcription
15645469 Eprsedl\/II) restriction enzyme M protein | \nha50 | 0,98 | 5,90E-03 | transcription
15644795 response regulator (OmpR) HPO0166 | -0,88 | 1,01E-03 | transcription
15645285 ribonuclease H HPO661 | -0,78 | 2,61E-02 | transcription
15645518 | ydrogenase - expressionfformation | 156900 | .0 60 | 4,03E-03 | transcription
protein (HypB)
15645635 response regulator HP1021 | -0,53 | 6,16E-03 | transcription
15645951 nickel responsive regulator HP1338 | -0,53 | 3,82E-04 | transcription
15644685 gggn'”e/ cytosine DNA methyltransfer- | o005, | 540 | 1,55E-02 | transcription
15645682 gggsoma' protein L11 methyltransfer- | 151068 | 281 | 7,11E-06 | translation
15644897 putative ATP-binding protein HP0269 | -1,73 | 1,48E-03 | translation
15645412 peptide deformylase / tRNA HPO0793 | -1,30 | 1,57E-02 | translation
15646061 | tRNA modification GTPase TrmE HP1452 | -1,11 | 1,84E-02 | translation
15645661 ribosome-binding factor A HP1047 | -1,10 | 2,02E-03 | translation
15644646 | TYPOmencal protein HPOOL3 fpredict | ipog13 | 0,64 | 3,34E-02 | translation
15646056 | 50S ribosomal protein L34 HP1447 | -0,58 | 4,26E-02 | translation
15645267 | glutamyl-tRNA synthetase HP0643 | -0,55 | 3,30E-03 | translation
15645176 | 50S ribosomal protein L31 HPO0551 | -0,52 | 1,41E-02 | translation
15645811 | 30S ribosomal protein S12 HP1197 | 0,56 | 2,51E-02 | translation
15646040 | "bosomal RNA small subunit methyl- | \1p1 431 | 959 | 7,84E-03 | translation
transferase A
15646066 | NYPothetical protein HP1457 / putative | \\n1 457 | 118 | 4.45E-04 | adhesion

collagen binding protein
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3.6.5. Discussion

Recommendations for SILAC set-up for  H. pylori

The application of SILAC for quantitative proteomiis rather uncommon for bacteria. The
main reason for this is the autotrophy of bact&rinany amino acids. However, some studies
successful utilized SILAC for bacteria [253, 258]|LAC offers robust relative quantification
due to the early stage of labeling. Other labebechniques for proteomic studies include
chemical derivatization of proteins or peptides ahhis an additional error source. Further-
more, MS analyses of SILAC samples do not reqpexisl MS method adjustment like for
example iTRAQ. Not least, data processing is walbmated for SILAC experiments [255].
Hence, with exception of the culture medium, nongfes have to be accomplished in compar-
ison to standard bottom-up protocols of a proteamadysis.

Here, SILAC was established fét. pylori strain 26695. To our knowledge, this is the first
publication about a SILAC study &f. pylori. Growth ofH. pylori was shown in chemically
defined Ham’s F12 medium without influencing therptmlogy. The incorporation of stable
isotope labeled lysine and arginine was testaimplete labeling with arginine was achieved
after five cell doublings. However, we could notdeH. pylori to stop lysine synthesis. Even
after raising the concentration of lysine four foddthe Ham’s F12 medium recipe, only 80%
incorporation was gainett. pylori has shown to be auxotroph for arginine but hasbily

to produce lysine [23, 256, 257].

A possibility to include lysine for SILAC analysef H. pylori would be to create a lysine
deficient strain ofH. pylori. Therefore, a deletion mutant of the gene for dhampimelate
decarboxylasedgpE, HP0290) could be utilized [258]. However, suchnatation could pos-
sibly lead to undesired side effects. Alternatiyahe application of other isotopically labeled
amino acids for whicltd. pylori shows deficiency [23, 256, 257], would be anothmyastuni-

ty to improve the quantification rated. pylori is most likely leucine deficient since no leu-
cine synthetase is reported. Additional;,pylori showed no growth in the absence of leu-
cine [23, 256, 257]. Therefore, we recommend ugotppically labeled leucine in addition
to arginine. However, the custom Ham'’s F12 SILAGIiae we used in our experiment only
permitted the addition of lysine and arginine.

Another strategy, called SULAQ, would be to grblwpylori in the presence of isotopically
labeled sulfur [197, 198] to label methionine agdteine in combination with SILAC. How-
ever, the basis of this technique is that the emachbrganism is able to synthesize these sul-
fur containing amino acids. Three different stusiaghe nutritional requirements lf pylori
have shown that this organism does not surviveowitimethionine [23, 256, 257]. Neverthe-
less, one of these studies reported growtH.gdylori in the absence of cysteine [256] where-
as Testermast al. were not able to substitute magnesium sulfate ystetne [23]. The exist-
ence of a cysteine synthetase (HP0107) suggestsodsioility of sulfur labeling. After care-
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ful testing of cysteine synthesis in the preserfcdifterent sulfur sources, it could be worth
considering sulfur labeling in combination with tigpically labeled arginine and/or leucine
for quantitative proteomics.

Improvement of the protein quantification rate

In order to improve the protein quantification rate used endoprotease AspN as an addi-
tional protease. The usage of AspN was preferrast the application of ArgC due to the
higher orthogonality to trypsin. ArgC would produaehuge amount of identical peptides
compared to tryptic digestion. Additionally, Arg@eates longer, harder identifiable peptides
than AspN. The application of AspN in addition tgpisin increased the number of quantified
proteins by 17.9% (113 in at least three out of feplicates). Additionally, the quantification
accuracy and reliability could be enhanced by trentification of 65.3% (6829.8) additional
unique peptides.

Furthermore, the GELFREE protein separation wad tséncrease the coverage of proteins
below 50 kDa. Hereby, 22.4% (136, in at least tlueteof four replicates) additional proteins

could be quantified. Our approaches clearly denmatesthat protein fractionation of LMW as

well as the application of AspN as additional pase significantly increases the protein iden-
tification rates. Additionally, the accuracy of fem quantifications is improved by the larger
number of quantification features per protein.

Evaluation of SILAC for H. pylori

This study included four biological replicates itriple SILAC approach. Regulation signifi-
cance was evaluated by statistical heteroscedasticsided student t-testt € 0.05). Addi-
tionally the minimal required average FC was sed.to for both, up- and down-regulation.
Besides spiral and coccoid cells, the HPnc5490 koot mutant was used as third cell stage
to evaluate the performance of SILAC fdrpylori. The target protein TlpB has shown to be
9.5-fold up-regulated. No functionally related ¢krs with accumulation of significantly reg-
ulated proteins could be identified for the HPndb4®ock-out mutant. In contrast, coccoid
and spiral cells showed to have more pronouncetkiprexpression differences. Our study
revealed significant regulation of cell divisiomariscriptional and translational processes as
well as chemotaxis and infectivity related proteidere we discuss quantitative differences in
the proteome of the spiral and coccoid morphology.

Effects on cell division

Several proteins related to cell division showedeodown-regulated in coccoid cells. Re-
markably, important proteins for DNA replication ieedown-regulated (Fig. 3-4). Among
these proteins, the NAD-dependent DNA ligase Lig#Q615) plays a critical role in the
joining of Okazaki fragments during DNA replicatiobut also in DNA recombination and
repair mechanisms [259-262]. The DNA polymerasédlbenzyme was also down-regulated
(Fig. 3-4). Moreover, the lower expressed proteisZHs known to be essential for the syn-
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thesis of a new cell wall during cell division [35 summary, cell division is strongly re-
duced wherH. pylori differentiates to its coccoid morphology.
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Fig. 3-4: Regulated proteins associated with DNA replication. Protein regulation is shown with

respect to the coccoid morphology. The DNA polymerase Ill core a unit was significantly down-
regulated. Expression of the DNA ligase LigA as well as the RNAseH was also lower in coccoid cells.
These findings suggest that DNA replication is diminished in the coccoid morphology of H. pylori. Mod-
ified according to KEGG pathway map hpy03030 (DNA replication) [248, 249].

Effects on transcription and translation

Transcriptional and translational processes wese falund to be reduced in the coccoid mor-
phology. Among the transcription regulators, orlg adenine/cytosine DNA methyltransfer-
ase (HP0054) was up-regulated in coccoid cells.tMlosly, transcription of genes is down-
regulated based on DNA methylation. Another posséxdplanation would be thé&t. pylori
focuses more on DNA maintenance than on DNA reptinaand cell division. Additionally,
proteins involved in protein folding and turnoveick as chaperones and Clp proteases were
also found to be down-regulated. This finding ssggehat not only protein expression, but
also degradation is generally reduced in coccoild.ddereby,H. pylori possibly establishes
the basis to survive in its dormant cell stageaftong time period.

Regulation of outer membrane proteins

Outer membrane proteins are the only functionaligrihat was found to be higher expressed
in coccoid cells. Many outer membrane proteinskar@wn to be involved in cell adhesion
[263]. Potentially, coccoitH. pylori cells attach more strongly to host cells. It hasrbshown
that coccoid H. pylori is able to survive in thdatme tonsils of humans [64]. This may be
connected to the improved adhesion ability.
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Regulation of chemotaxis associated proteins

Different proteins related to chemotaxis and thgdllar assembly were also down-regulated.
H. pylori has four different chemotaxis receptors. The chrepeptortipA (HP0099) binds
arginine [264], TlpB (HP0103) recognizes low pH$21TIpD (HP0599) is a soluble receptor
for nutrients (intracellular energy levels) [26%hereas the function of TIpC (HP0082) is
unknown [264]. The response regulators CheW (HPR3®e\4, Che\b, and CheY bind to
these receptors and attract the phosphokinase @GheB8392). CheA has the ability to auto-
phosphorylate. CheA-P transfers a phosphate gmtlgetresponse regulator CheY (HP1067)
[264]. When CheY is not phosphorylatéddl, pylori cells swim only in one direction [266].
Phosphorylated CheY-P leads to direction changetumbling by signal transduction of
CheY-P to the flagellar assembly proteins FIiM &t [266]. The kinase CheZ (HP0170) is
responsible for dephosphorylation of CheY-P to skepdirection change signal [264, 267].

Binding of ligands to one of the chemotaxis receptman either lead to phosphorylation of
CheY and subsequent direction changes (TlpB) @ $top of the signal cascade and swim-
ming in one direction (TIpA, TlpD) [215]. Deletiomutants ofcheW, cheV; andcheV, also
swim only in one direction [264]. Conclusively, sgeresponse regulators are necessary for
CheY phosphorylation. Loss of Chgwn the other hand leads to repetitive directioancjes
[268].

In our study chemotaxis response regulators Glee\ Che¥ were down-regulated. Addi-
tionally, CheA, CheW and Che¥how the tendency of down-regulation though theyhdb
fulfill the thresholds for significant regulatioifhe expression of all four chemotaxis recep-
tors remains unaffected by the morphology.

Moreover, the flagellar motor switch proteins FHNY and FIiG are lower expressed. FliN is
a very important protein for chemotaxis as it tdutes the signal for direction changes from
CheY-P[266]. Other proteins in the flagellar assemblkglithe flagellar hook-basal body
protein FliE or the flagellar basal body rod protEigGare also down-regulated (Fig. 3-5). In
conclusion, signal transduction for chemotacticawédr is inhibited and the flagellar assem-
bly seems to be partly decomposed. These findinggest that coccoi#ii. pylori cells are
most likely a non-chemotactic phenotype.

Actually, chemotaxis plays a crucial role in théorization and infection of the stomach mu-
cosa byH. pylori [25, 215, 265, 269-273]. Deletion mutantschéY andcheA failed to colo-
nize the gastric mucosa of mice [273]. Eatbal. [25] reported that flagellin (FlaA or FlaB)
deficientH. pylori strains were motile and had morphologically norfreella but could not
persist longer than ten days in the stomach ofaimeotic piglets. Motile but non-chemotactic
4cheY mutants lost the ability to colonize the stoma€&iMongolian gerbils [270]. Deletion
mutants of the pH chemoreceptpB, on the other hand, were able to colonize getbihs
achs but generated significantly reduced inflamomatiompared to the wild type.
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Terry et al. [269] showed that non-chemotactic deletion mutaitter ofcheA, cheW or cheY
were able to infect the stomach of FVB/N mice. Hogre the 50% infection dose was in-
creased andcheW mutants did only colonize the stomach corpus lottine antrum [269].
Additionally, 4cheW mutants did not reach the infection level of th&dwype strain before
six months [269]. Briefly summarized, chemotaxisngortant for colonization efficiency,
especially of the antrum. Furthermore, inflammat@yponse of the host is attenuated when
the stomach mucosa is infected by non-chemotago@iypes. However, effects are strongly
dependent on the animal model system.
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Fig. 3-5: Regulated proteins associated with the flagellar assembly of H. pylori. Protein regula-

tion is shown with respect to the coccoid morphology. Modified according to KEGG pathway map
hpy02040 (flagellar assembly) [248, 249].

Regulation of pathogenicity related proteins

Most interestingly, coccoid cells exhibited lowdsuadances of severahg pathogenicity
island proteins which are responsible for CagAdlaration into host epithelial cells. CagA
activates Nk-B in infected cells and thereby promotes produrctd pro-inflammatory inter-
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leukin 8 (IL-8), epithelial derived neutrophil aciting protein78 (ENA-78), tumor necrose
factor a (TNF-a), and the granulocyte-monocyte colony stimulatiagtor (GM-CSF) [76,
77]. A persistent inflammation can cause peptieutr stomach cancer in the worst case.

In our study Cag6, Cagl4, Cag22 and Cag26/CagA signdficantly down-regulated in coc-
coid cells. Cag14 and Cag22 showed to have notedfemfectivity, whereagcag22 mutants
exhibited significantly reduced translocation ofgBanto epithelial cells [79]CagA deletion
mutants showed no infectivity [79]. In conclusionfectivity of coccoid cells is attenuated
due to diminished translocation of CagA accompamgtth its non-chemotatic phenotype
(Fig. 3-6).

The pathogenicity related enzyme arginase Reeak also found to be significantly down-
regulated in coccoid cells. It hydrolyzes argintnegenerate urea and ornithine [274]. Urea
can be catabolized by its urease to produce caltexide and ammonia. Therebiy, pylori

is able to neutralize the acidic environment inst@mach [217] (Fig. 3-6). The pH optimum
of theH. pylori arginase at 6.1 (activity down to pH 5.5) emphasire exceptional role for
acidic resistance [217]. In addition to urea genenatheH. pylori arginase also inhibits T-
cell proliferation and reduces the expression efTikcell receptoé-chain [275]. Furthermore,
nitric oxide generation of macrophages, which reggiarginine as substrate, is inhibited by
theH. pylori arginase [276].

Moreover, we also found that the protein abundarfcevo urease accessory proteins UreE
(HP0OO70) and UreG (HP0068) significantly decreasémland et al. [277] have shown that
the AureE mutant had strongly reduced urease activity wisetlkadureG mutant completely
lost its urease activity. This indicates that ueeastivity might be strongly reduced for the
coccoid morphology. Apparently, infectivity as wedls colonization ability of coccoid
H. pylori is also decreased by the reduced ability to astaptidic stress and the diminished
capability to modulate immune response of the host.

Tip-a is another infection related protein which extaditower expression in coccoid cells of
H. pylori. Tip-o forms homo-dimers that are secreted into the enment by the type two
secretion system [278]. Subsequently, it is shaithg membrane located nucleolin into the
cytoplasm of stomach epithelial cells (Fig. 3-6292 Translocated into the cells, Tipin-
duces gene expression of TNF{L-6 and several chemokines by activation ofidN\g-[229,
230]. Incubation of immortalized human gastric leglial mucosa cells (GES-1) and a gastric
cancer cell line (SGC7901) with Tippromoted the expression of TNf-L-1p, and IL-8
[74] (Fig. 3-6). These proteins play key rolesnflammatory response and tumor promotion.

Different human gastric cancer cell lines exhihitleolin on the cell surface whereas normal
epithelial mouse cells of the glandular stomach m@adignificant amounts on the cell surface
[279]. Moreover, it has been shown tlatpylori isolates derived from patients with gastric
cancer produced significantly higher amounts of-d’ijhan those from patients with chronic
gastritis [232]. Furthermore, Tigp-levels of patients which later developed cancerevaso
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increased [230, 232]. Nucleolin is a possible darget. The DNA aptamer AS1411, which is
in clinical trials for the treatment of renal canead myeloid leukemia [280, 281], inhibits
growth of stomach cancer cells by induction of &g#harrest [279]. Interestingly, coloniza-
tion efficiency of the murine mucosa by a mousepsetd strain oH. pylori significantly de-
creased fotip-a knock-out mutants [282]. Eventually, reduced leved Tip-a and arginase
could be jointly responsible for attenuated colatian efficiency of coccoidH. pylori.
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Fig. 3-6: Inflammation cascade in response to H. pylori infection. CagA is translocated into the
epithelial cells by the type IV secretion system which includes several cagPI proteins. Tip-a is shuttled
by nucleolin into the epithelial cells. Both CagA and Tip-a activate NFk-B which gets phosphorylated.
The phosphorylated Ik-B subunit is subsequently ubiquinylated and digested by the proteasome. The
released p65-p52 complex enters the nucleus and promotes the transcription of several pro-
inflammatory genes. The arginase RocF catalyzes the degradation of arginine to ornithine and urea.
Urea is further converted to ammonia and carbon dioxide by different ureases. Green colored proteins
are down-regulated in coccoid cells. These results suggest that the inflammation cascade in gastric
epithelial cells is strongly attenuated when H. pylori occurs in its coccoid morphology.
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Conclusions and future perspectives

In conclusion, we show that SILAC is well suitedngestigate changes in protein expression
of H. pylori. The SILAC approach fad. pylori allows high proteome coverage and excellent
guantification accuracy, especially between bialabireplicates of up to three different
treatments. Thus, this method enables new posibiln the research &f. pylori. In order to
obtain the highest possible quantification rate anduracy, we recommend enrichment of
low molecular weight proteins and the applicatidnmultiple proteases. The established SI-
LAC method forH. pylori could be further improved by the application aftegic labeled
leucine in addition to arginine. As a result, theniber of protein quantifications as well as the
guantification accuracy could be increased.

Our study illustrates that crucial processes fdr digision, the infectivity and colonization
efficiency ofH. pylori are diminished in its coccoid phenotype. Therstisng evidence that
the flagellar assembly of the coccoid morphology#stly degraded. Additionally, down-
regulation of several proteins involved in chem@axiggests that the coccoid morphology of
H. pylori is a non-chemotatic phenotype with reduced abiditycolonization and infection of
gastric epithelial cells. Reduced expression ofdifggnase RocF and several cag pathogenici-
ty island proteins including CagA elucidate theosgly decreased infectivity of coccoid
H. pylori. Lower Tip-o expression in coccoid cells can also be assochttdits reduced
colonization efficiency. Furthermore, diminishmeftessential cell functions like DNA rep-
lication and transcription exhibit the loss of agibwth of coccoid cells.

Based on the established SILAC protocol, one madga think about co-cultures with human
epithelial cells. This would allow relative quantdtion of both the host and the pathogen
proteome within one experiment. Consequently, Woslld give the opportunity to study the
mutual influences of host-cells akt pylori on proteome level within one shotgun approach.
The influence of new drugs fét. pylori eradication could also be tested by SILAC studies t
reveal the underlying effects.
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4 Discussion and conclusion

Different methods for improved identification andaqptification rates in proteomics were
developed. These methods represent the pillars which the quantitative proteomic study
of H. pylori is based (Fig. 4-1):

0] The improvement of the coverage in proteomic stehéh focus on LMW pro-
teins [3]

(i) The refinement of protein databases by RNAcodeigtieds [10] and proteoge-
nomics [4]

(i)  The utilization of SILAC for quantitative proteorsi¢5]

Quantitative proteomics
of H. pylori by SILAC

L@ P P @J

Improvement of LMW
proteome coverage
Database refinement
Quantification by SILAC

Fig. 4-1: Systematic structure of the thesis.

4.1 Improvement of identification rates and quantif ication rates

in proteomics

The greatest challenge of proteomics is the immegaamic concentration range of proteins
in biological samples. The human plasma e.g. lighvamic range of more than ten orders of
magnitude [7]. Albumin is the most abundant proteirnuman plasma with 35-50 mg/mi
whereas the concentration of interleukins and cli@mes is commonly below 10 pg/ml [7].
LC-MS/MS typically cover a dynamic range of two fiour orders of magnitude [7, 41].
Therefore, fractionation of proteins and/or pemigeior to LC-MS analysis is essential for
proteomics.

Here, the focus was placed on the enrichment,idr@ation and improved MS-based identifi-
cation of LMW proteins. Biologically important pehs such as interleukines and chemo-
kines e.g. have an average MW of 16 kDa (humanrdowpto UniProt database). Addition-
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ally, LMW proteins are harder to detect by LC-MS/MBalysis due to the lower number of
peptides that are generated by proteolytic digestitence, it is reasonable to enhance the
detection of LMW proteins by specific enrichmentidractionation.

4.1.1. Enrichment and fractionation of LMW proteins
Three different strategies were developed to imgititve coverage of LMW proteins:

0] Depletion of proteins larger than 50 kDa with swjusmnt precipitation and separa-
tion on a tricine SDS-PAGE [3] (chapter 3.2)

(i) Size exclusion chromatography for combined enriaitmend fractionation of
LMW proteins [4] (chapter 3.3)

(i)  SDS-PAGE elution fractionation of proteins belowki®a (chapter 3.6)

Tricine SDS-PAGE

The first strategy was based on the protocol ofirKet al. [6] with slight modifications.
Briefly, filters with a molecular weight cut-off &0 kDa instead of 100 kDa were used [3].
The precipitated samples were subjected to eitliectdin-solution digestion or 20% tricine
SDS-PAGE fractionation with subsequent in-gel diges The tricine buffer system enables
separation of proteins below 13 kDa that would atigitogether with SDS in the tris-glycine
buffer system [106, 107].

In-solution digested samples were analyzed by aniifOgradient (2-40% ACN; run time
170 min) whereas a 30 min gradient (2-40% ACN; tiore 50 min) was applied for the nine
gel fractions. The gel-based approach with trypdentified on average 221 proteins below
25 kDa whereas 172 protein identifications weresiresd on average by the shotgun LC-MS
approach with CID. Thus, 28% additional proteinslddbe identified by the gel-based frac-
tionation. Nevertheless, for an optimized idengifion of LMW proteins, measurement time
still has to be increased from 170 min to 450 min.

However, the tricine SDS-PAGE strategy has somwiaiaks. The LMW enrichment and
fractionation is hard to reproduce due to many masteps. Large sample amounts were nec-
essary to gain enough material for subsequent 8biSet PAGE. Only 1-2% of the original
protein amount were recovered after enrichmentpmadipitation. Hence, 1-2 mg proteins are
necessary to gain a reasonable amount for a GeL@M§sis. It can be assumed that filtra-
tion and precipitation lead to severe sample lodgeseover, peptide recovery after proteo-
lytic in-gel digestions have shown to vary betw&68f6 and 90% [113]. Protein losses during
tricine SDS-PAGE might also be a problem [6]. Addiglly, sample preparation and frac-
tionation is very time-consuming.
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SEC fractionation

To overcome the limitations of LMW enrichment wislnbsequent protein separation on a
tricine SDS-PAGE, enrichment and fractionation weoebined in one step by using SEC
[4]. The Phenomenex Biosep S-2000 (ID 4.6 mm, lei@gt cm) SEC column was used since
it was designed for the separation of proteins betw0.5 and 100 kDa under denaturating
conditions. SEC is known to have high protein recgvates. It has been shown that protein
recovery of more than 90% can be achieved by SBG,[284]. Four protein fractions of a
H. pylori cell lysate below 25 kDa were collected by SECeSkEhfractions were subjected to
proteolysis by trypsin, AspN and LysC. This metipedmitted the identification of 18% addi-
tional proteins below 17 kDa in comparison to ateegive fractionated GeLC-MS approach
with 20 fractions [4].

GELFREE separation

The SDS-PAGE gel elution fractionation with the GIREE device in combination with fil-
ter aided sample preparation (FASP) [142] for mily®s was chosen as final strategy for the
guantitative proteomic study &f. pylori. This device enables high reproducible enrichment
and fractionation of up to eight samples in one fiture 12% cartridges facilitate protein sepa-
ration between 10 and 50 kDa. All proteins belowkD@ elute with the sample breakthrough
in the first fraction. A method with five fractiorvgas developed and the efficiency was veri-
fied by the analysis of a proteolyti coli digestion. The five GELFREE fractions were ana-
lyzed after tryptic FASP digestion by a 110 min MS method, whereas a 220 min LC-MS
method was applied for the non-fractionated refezesample. Overall, 419 proteins could be
identified below 25 kDa which is comparable to theine SDS-PAGE strategy [3] (best rep-
licate: 369 proteins for tryptic digestion, ninadtions, overall measuring time 450 min). The
fractionation gained in 86% more protein identificas below 50 kDa (+149% < 25 kDa)
than the in-solution sample.

The GELFREE device offers fractionation and enriehtrof LMW proteins in parallel for up
to eight samples within 131 min. Therefore, thistiod is less time-consuming and more
reproducible than the SEC fractionation and theinei SDS-PAGE strategy. Therefore, the
decision was made to use the GELFREE device forqgummtitative proteomic study of
H. pylori. The application of GELFREE separation of LMW pios offered on average
110.3 (+11.4%) additional protein identificationsdal3l (+20.3%) quantifications (Tab.
4-1). The number of quantified proteins in at lethsee out of four biological samples was
increased by 136 (+22.4%). Among them, 65 quadtifieoteins were below 25 kDa, repre-
senting an improvement of 49.2% for this LMW range.
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Tab. 4-1: Improvement of the SILAC analysis of H. pylori by the additional application of AspN.
The values are averaged over four biological replicates (except last row).
GeLC-MS + . Relative
GeLC-MS GELFREE Gain gain
Unique peptides 13518.5 17282.8 3764.3 +27.8%
Ratio counts 12435.25 20637.5 8202.3 +66.0%
Protein identifications 968.5 1078.8 110.3 +11.4%
Average sequence coverage 34.5% 42.7% 8.2% +23.7%
Protein quantifications 644.8 775.8 131.0 +20.3%
Quantified p_rotel_ns in at least 607 243 136.0 192 4%
3 out of 4 biological samples
Comparison of LMW protein enrichment and fractionat ion methods

In conclusion, it has been proven that enrichmeut feactionation of LMW proteins offers
significantly increased protein identifications aqdantifications. Tricine SDS-PAGE frac-
tionation shows the highest resolving power amdmgthree tested strategies in the LMW
range. Nevertheless, the separation is hard todepe, and sample preparation is time-
consuming. Additionally, proteins might be lost idgr SDS-PAGE and in-gel digestion. The
GELFREE approach is the best strategy in meanspsbducibility and speed. Therefore, it is
the most appropriate enrichment and fractionati@thod for large scale proteomic studies.
However, the prefabricated cartridges only fadiéitseparation of proteins larger than 10 kDa.
For high resolution separation below 10 kDa, onghtnapply the first fraction from GEL-
FREE separation onto tricine SDS-PAGE.

Protein fractionation is always a compromise ofetieffort, robustness, and available sample
amount. Here, the GELFREE separation has shownetdést enrichment method for LMW
proteins. However, the increased identificatioresatf 86% have to be bought by increasing
the analysis time to 250%. Additionally, at lea8t g of protein have to be applied to gain
reasonable amounts for the analysis of LMW proteiernatively, automated multi-
dimensional LC separation of peptides can be usemhance the identification and quantifi-
cation rates [138, 285]. The application of 2D RP-EC, e.g., with different pH values for
both dimensions has shown to be a robust methodg #aal. [286] have shown that this
method is able to increase peptide identificatioyn4d.8 fold and protein identifications by 1.6
fold. These 2D-RP-RP systems are commercially abkal(Waters ,UK) and show excellent
reproducibility. Ultra-long monolithic columns aa@other possibility to increase the identifi-
cation rates due to the fast mass transfer andbmkpressure. Iwasaéi al. [126] were able

to identify 2602 proteins dt. coli (60% of the proteome) from 4 ug protein samplappyli-
cation of a 41 h long gradient on a 350 cm long otitiric capillary column.
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4.1.2. Application of multiple proteases

A further possibility for increasing identificaticand quantification rates in proteomic studies
is the application of multiple proteases. Swaeewl. [8] evaluated the application of five
different proteases for the same biological samplas shown that the separate application
of AspN in addition to trypsin increased the numbérmrotein identifications about 15%
whereas cumulative protein sequence coverage wady/réd% higher [8]. A comparison of
technical replicates with replicates digested Wfed@nt proteases revealed that the applica-
tion of multiple proteases performed significariibtter [8].

In this project, the advantage from the applicatbdrAspN [3] (chapter 3.6) or AspN and
LysC [4] in addition to trypsin was used to incredse number of unique peptides, protein
identifications as well as quantifications. A sttitial evaluation of different commercially
available proteases has shown that the applicafiéspN in addition to trypsin provides the
highest number of unique peptides with suitablgtlerior MS analysis [3]. Therefore AspN
was chosen as the best proteases for the compédtioypsin. AspN on average increased the
number of unique peptides by 75% and offered 23&itiadal protein identifications (67) for
the LMW proteome oE. coli [3].

Three different proteases were used to increasauhmer of unique peptides as well as the
proteome coverage for the proteogenomic analysis. pflori strain 26695 [4]. Among the
three proteases, LysC performed best with on aee28¢5.5 unique peptides and 331 protein
identifications (Tab. 4-2). Trypsin offered on aage 2368.5 unique peptides and 262 protein
identifications whereas AspN permitted the ideaéifion of 610 unique peptides and 113
proteins (Tab. 4-2). Related to trypsin, LysC arspM provided 1312.5 (+55.4%) and 606
(+25.6%) additional unique peptides as well as(457%) and 87.5 (+33.5%) extra protein
identifications, respectively (Tab. 4-2).

Tab. 4-2; Impact of the application of AspN and LysC in addition to trypsin. The values are av-
eraged on two biological replicates.
Trypsin AspN AsSpN AspN LysC LysC LysC
gain relative gain relative
gain gain
Unique Pep- | 2368.5 610.0 +606.0 +25.6% 2345.5 +1312.5 +55.4%
tides
Protein identi- | 261.0 113.0 +4.5 +1.7% 331.0 +87.5 +33.5%
fications

The superior performance of LysC over AspN mightcberelated to the better ionization
efficiency of peptides with a C-terminal lysine. didonally, LysC is more robust than AspN
or trypsin in respect to detergents and salts.

In the SILAC study ofH. pylori, only arginine labeling was feasible due to noffisient
lysine incorporation. Therefore, only arginine @ning peptides grant quantitative infor-
mation. Commonly, minimum two quantification feasrof different unique peptides are
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recommended for relative quantification by SILAC.sAcond protease had to be chosen to
increase the number of unique peptides in respectetect additional arginine-containing
unique peptides which should not be redundantdeetierived from tryptic proteolysis.

A statistical evaluation of AspN and ArgC was pearied. ArgC would offer exclusively ar-
ginine-containing peptides, whereas AspN creatégs aminimum number of similar of pep-
tides compared to trypsin. The detectable masserémgpeptides was defined from 600 to
3000 Da. Anin-silico proteolytic digestion of the whole proteometbfpylori strain 26695
was carried out and the number of arginine-comgirpeptides was calculated. AspN and
ArgC offer 10151 and 8118 detectable arginine-daintg peptides, respectively. This statis-
tical evaluation is in accordance to the study wiaBeyet al. [8] in which AspN outper-
formed ArgC by 2.6 fold when a CID-based LC-MS/M&thod was applied. In comparison
to a tryptic digestion, the number of additionalque arginine-containing detectable peptides
is 10081 for AspN but only 5295 for ArgC.

Therefore, AspN was applied for all fractions irddidn to trypsin to increase the number of
protein quantifications. The application of AspNrgal on average in the additional identifi-

cation of 6829.8 (+65.3%) unique peptides and $84&7%) proteins (Tab. 4-3). This has

been the basis for the quantification of 113 (+%).@dditional proteins in at least three out
of four biological samples (Tab. 4-3). In the LM\Whge below 25 kDa, the number of pro-
teins quantified in at least 3 replicates was amereased by 30.3% (+47). Furthermore, the
detection of more quantification features incredbesaccuracy of the relative protein quanti-
fication.

Tab. 4-3: Improvement of the SILAC analysis of H. pylori by the additional application of AspN.
The values are averaged over four biological replicates (except last row).

Trypsin Trypsin + | Gain Relative gain

AspN

Unique peptides 10453.0 17282.8 6829.8 +65.3%
Ratio counts 12691.5 20637.5 7946.0 +62.6%
Protein identifications 993.8 1078.8 85.0 +8.6%
Average sequence coverage 32.7% 42.7% 10.0% +30.6%
Protein quantifications 664.8 775.8 111.0 +16.7%
Quantified proteins in at least 3
out of 4 biological samples 630 743 113.0 +17.9%

4.1.3. Application of different MS techniques

Complementary MS techniques are known to improeenilimber of peptide identifications.
Here, different fragmentation techniques combinéith @ifferent mass analyzers were com-
pared. Collision-induced dissociation with spectraoquisition within the IT performed best
[3]. The best results were obtained by ETD fragmagon as a complementary method in
combination with CID. Both fragmentation methodwkd an overlap of 71% [3]. The
number of unique peptide and protein identificatiovas increased by 21.7% and 6.2%, re-
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spectively [3]. However, ETD and CID can be combime different ways within on meas-
urement.

Alternating CID and ETD acquisition of the sameqomsor ions can offer confirmations for
peptide identifications [176]. The application cdta dependent decision tree for CID and
ETD according to the charge state and value of the peptide ions might also improve the
number of identifications. The usefulness of ETBoadtrongly depends on the mass distribu-
tion of proteolytic peptides. Typically, ETD perfos better for larger peptides with higher
charge states. It has been shown that ETD worksrbistan CID for proteolytic digestions
with AspN and LysC which tend to create larger kgt [8]

The impact of nanoLC-MALDI-MS in combination witranoLC-ESI-MS was also evaluat-
ed. However, in contrast to the literature [1491-153, 287] the number of protein identifica-
tions were only increased by 2% using LC-MALDI-M&<ults not shown). The very small
improvement of LC-MALDI-MS might be related to therger number of fragment ion spec-
tra, as well as the superior mass accuracy of #@ Drbitrap XL mass spectrometer com-
pared to the Ultraflex Il MALDI TOF/TOF (Bruker Danics, US). Additionally, LC-
MALDI-MS analyses took 12 h per fraction whereasESI-MS analyses only require 2-4 h
per run. As a conclusion all analyses were excalgiperformed by LC-ESI-MS due to its
higher sample throughput and the modest identifinagain of LC-MALDI-MS.

4.1.4. Application of multiple search engines

The application of multiple search engines for diaga analysis is an effective method to in-
crease the number of peptide identifications ad agltheir confidence. The utilization of
freely available search engines like OMSSA or X!dam is a cost-effective possibility.
Software packages such as Scaffold (Proteome DesgpWS), OpenMS or peptide shaker
(http://peptide-shaker.googlecode.gofacilitate the integration of multiple search ey
results into one analysis with the estimation oRsD

Here, Mascot was used in combination with Sequgsb X!Tandem [4]. Sequest offered
3.6% additional unique peptides as well as 3.6%enpootein identifications [3]. In the prote-
ogenomic analysis dfl. pylori, X!ITandem was applied as second search engingditi@ to
Mascot, since this database search engine is lgitatégrated in Scaffold [4]. Therefore, this
extensive databases search approach could bermpedanore comprehensively in less time.
Overall, 3215 from 21915 identified unique peptidgd7.2%) were only identified by
XITandem. Summing up all samples, the applicatibK!@andem in addition to Mascot pro-
vided 188 (+16.5%) additional proteins with at tdag unique peptides.

In conclusion, the application of multiple searafgiees is a time—effective method to in-
crease the number of peptide and protein identifioa. Here, the data suggests that
XITandem performs better than Sequest. Howeveh bearch engines were applied to dif-
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ferent data sets and the cumulative FDRs were t&djus combination with Mascot. Never-
theless, proteomic studies always benefit fromutiiezation of different search engines.

However, both SILAC studies were solely based oalikse searches against Andromeda
because Maxquant is restricted to this search endindromeda has shown to perform as
well as Mascot [180]. Additionally, Maxquant allowscalibration of the precursor masses
according to high-scoring peptide identificatiomstt are used as internal standards [180].
Hereby, the precursor mass tolerance can be miedrir the database search which leads to
more accurate protein quantifications.

4.2 Protein database refinement

Protein databases are the basis for the analydtSelbased proteomic studies. However, the
protein sequences stored in these databases amardynderived from gene finding software
predictions on the basis of genomic data. Thessvaod tools differ in their prediction accu-
racy and the precision of gene boundaries.

In a study of Bakket al. [57], three different automatic annotation tooksrgvcompared and
showed notable differences in terms of unique gametations and start codon assignments.
Additionally, according to the typical minimum lethgcut-off for ORF prediction of 300 bp
[9], LMW proteins are often lacking in the annotaus. Exceptions of the classical translation
initiation such as leaderless mMRNAs [49-55] alsptibute to incomplete or erroneous gene
annotation.

The database for the proteogenomic study was cmtstr from the NCBI database of
H. pylori strain 26695, a six-frame translation of its geroamd 18 RNAcode predictions.
RNAcode neither utilizes training data sets norcgsespecific gene features such as open
reading frame detection or ribosome binding sitepredict protein coding genes [10]. It is
based on evolutionary changes in the DNA seque288] [such as mutations, deletions or
insertions that preserve the reading frame [10f &lgorithm scores segments of multiple
nucleotide sequence alignments according to ewnlaty changes and reports a p-value that
is assigned by parameters of the extreme valugldison from randomized alignments [10].

It has been shown in the study on optimization afameters for coverage LMW proteins,
that RNAcode predictions correlate highly with gamnic data (99%) [3]. Additionally,
RNAcode is well suited to validate new or corregpedtein sequences of proteogenomic ex-
periments, since predictions are not based on @m@RFs [10]. Thus, it does also predict
protein coding sequence fragments which might besalt of DNA sequencing errors. This
could be shown for the DNA sequencing error of¢aebonic anhydrase (HP1186). The ex-
tension of the previously annotated protein segaénsupported by the RNAcode prediction
1369 0 (HP1186, supplementary figure 1, [4]). Teagythat codes for the ferrous iron trans-
porter protein A was also confirmed by RNAcode pedns (Fig. 2, [4]). Additionally, the
newly identified proteins HP0619 and HP0744, ad a&the corrected sequences for the pro-
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teins HP0564 and HP0760, were supported by RNApoeldictions (Suppl. Figures 2-8, [4]).
Briefly summarized, the proteogenomic studyHopylori unambiguously identified four pro-
teins that were lacking in the NCBI database, amdected the sequences for six additional
proteins.

Additionally, 63 signal peptide cleavage sites widentified by a database search that per-
mits semi-specific cleaved peptides. Signal peptidavage sites were validated by known
characteristics of bacterial signal peptides [#4positively charged N-terminal region that is
followed by a hydrophobic region and a peptide gation sequence of three amino acids.
For Gram-negative bacteria, AXA is reported to be predominant recognition sequence
[14]. However, the predominant motif fot. pylori was shown to be LXA (62%) in this
study, whereas only 11% of the identified signgitmkes have the motif AXA.

Signal peptidase cleavage sites could also betdetdy selective enrichment of N-terminal
peptides prior to MS analysis. The strategy of Mc@ldet al. [289] utilizes acetylation of all
primary amines which includes lysine residues al ageprotein N-termini. After proteolysis,
N-termini of proteolytic peptides are labeled wattbiotin tag. Streptavidin is used for nega-
tive enrichment of peptides derived from proteirteinini, since these peptides are not bioti-
nylated. Schepmoest al. [290] use a similar strategy. Primary amines aetydated in the
first step. Peptides that contain free amines giteteolytic digestion are removed by amine-
reactive silica-bond succinic anhydride beads.dnt@ast, Xu and Jeffrey [291] used a posi-
tive enrichment method for N-terminal peptides gstBdmann chemistry. All amines are
blocked by phenyl isothiocyanate. The first aminmas cleaved off by addition of TFA. The
generated free amine at the second amino acid dsfieeb with a biotin tag. This enables se-
lective enrichment of N-terminal peptides by avibdeads after proteolysis. Nevertheless, the
proteogenomics study &f. pylori showed that identification of signal peptide clege sites

is also possible by an un-targeted approach usgigdquality MS data.

Signal peptide cleavage identifications providedewice for potentially secreted or membrane
bound proteins. Additionally, signal peptides assential for bacteria [14, 292] and are also
involved in pathogenesis [293, 294]. Hence, baatesignal peptidases are supposed to be
novel targets for antibiotics [292].

Conclusively, the protein database Forpylori strain 26695 was refined by the identification
of new proteins and the correction of protein segas as well as the investigation of signal
peptidases. The refined database will help futuotepmic studies ohl. pylori strain 26695

to gain more information from MS data. Here, thiénexl database was used to increase the
quality of the quantitative proteomic study Bnpylori strain 26695 (chapter 3.6). Further-
more, the elucidated signal peptidase specificightnhelp to design new drugs for the treat-
ment of H. pylori infections. The developed strategy is easily applie for the proteoge-
nomic analysis of freely available proteomic datsiselowever, this study shows that high
guality MS data sets are necessary for proteogessomi
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4.3 SILAC in quantitative proteomics

A huge variety of different quantification methadsavailable in proteomics (chapter 2.7). In
this study, a quantification method was to be setbthat possesses high accuracy and that
facilitates fractionation on protein level for LM@hrichment.

Label free quantification is universally applicabte quantitative proteomics. It facilitates
relative quantification of all kinds of sampleslunding those from animal experiments. How-
ever, sample fractionation and LC-MS/MS analysigehto be very reproducible to achieve
guantitative results with high accuracy [39, 213ibel free approaches have an accuracy of
10-30% rsd compared to less than 10% for metabalieling methods [38]. Additionally,
label free approaches are more prone to errorg slata analysis depends strongly on precise
algorithms for peak picking, feature detection andmalization [213, 295]. Furthermore, the
available LTQ Orbitrap instruments in this studyai$y have a cycle time of approximately
three seconds at a survey scan resolution of 6b@d six MS/MS scans are performed per
cycle. As a result, the number of data points gakpare not sufficient for label free quantifi-
cation. Therefore, it was decided rather to usgbaling than a label free method for quantita-
tive proteomics to improve the accuracy as wethasreproducibility.

Fractionation of post digest ICPL, iTRAQ and TMTbédng are meant to be performed at
peptide level after mixing of the differentiallybleled samples. Separation of proteins prior to
proteolytic digestion and chemical labeling has¢overy reproducible to minimize the error.

Since LMW protein enrichment and separation wasropéd here, chemical labeling on pep-

tide level was not considered in this study.

Labeling of proteins is more suited for proteinctranation. The differentially labeled biolog-
ical samples are mixed at protein level prior scfionation. Thus, reproducibility of fraction-
ation has no effect on the quantification resiMtetabolic labeling such @SN or SILAC and
the chemical labeling methods ICAT and ICPL arelaisée for protein labeling. Here, meta-
bolic labeling is the most accurate MS based (fieatiion method due to the early stage of
sample combination [37]. However, metabdfid labeling has shown to alter metabolite and
protein levels of. coli [296]. SILAC introduces less heavy isotopes tfihor **C labeling
which probably leads to minor stable isotope effeaddditionally, the data analysis of SILAC
studies is well automated by different softwarddmuch as Maxquant [255], Thermo Prote-
ome Discoverer (Thermo Scientific, US) or Mascostlller (Matrix Science, UK). Thus,
SILAC is the quantification method that meets thesen requirements best. Nevertheless,
SILAC requires complete incorporation of labeledramacids into proteins and cells have to
be grown in minimal medium.
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4.4 Influence of hyaluronan sulfation on primary de rmal fibro-
blasts

The Transregio Collaborative Research Centre TRR&stigates artificial extracellular ma-

trices (aECMs) for improved wound healing of skimdaone tissue. Within the project, the
main focus was placed on the effect of glycosamywam (GAG) sulfation. Especially hyalu-

ronan is well-suited to study the effects of chattycsulfated GAGs [297] since it

0] has no sulfate groups,

(i) possesses a regular structure of alternating NAgbatosamine and glucuronic
acid units

(i) is not covalently linked to proteins

(iv) is easily chemically modifiable without destroyiiig structure

Here, the influence of highly sulfated hyalurondsHA) provided as extracellular matrix
(ECM) on human primary dermal fibroblasts (dFb) wagestigated on protein level by SI-
LAC [5].

Since primary cells show high biological relevancecomparison with immortalized cell
lines, the significance thresholds were evaluatgd lwontrol experiment. For this purpose,
differentially labeled samples from different dosiavere mixed and analyzed. A jofpld
change of £ 0.5 was set as regulation threshold.mibasured variation was used to estimate
the false positive rate of this study. With theetitrold that single proteins had to be regulated
at least in three out of four biological replicategshe same direction, a false positive rate of
less than 1% was assumed. Additionally, a clustatyais with PANTHER (Protein Net-
works and Pathway Analysis) [298] and DAVID (Datsddor Annotation, Visualization and
Integrated Discovery) [299] was used to determiifeces based on rather clusters of proteins
than individual proteins. Furthermore, regulatidrsimgle proteins was validated by western
blotting.

Ten proteins associated to the ECM showed to bafsigntly regulated ([5], Fig. 2). Most
interestingly, the ECM degrading enzymes cathepsiicatK), matrix metalloproteinases 2
and 14 as well as the tissue inhibitor of MMPs BMF-2) were found to down-regulated in
response to hsHA. In line with these results, & haen shown that osteogenic-differentiated
human mesenchymal stromal cells also have reduggession and activity of MMP-2 in
response to hsHA [300]. Chronic skin wounds havsbalance of MMPs and TIMPs that
may cause fibrosis metastasis or tumor growth [I&E inhibition of MMPs is a common
strategy to treat chronic skin wounds [16-19]. Efere, the application of hsHA might be a
promising approach for the treatment of chronio skounds.

Furthermore, the expression of collagens type | dHdvas reduced by hsHA. Especially
collagen | is excessively produced in hypertropduar formation [20]. Collagen VI expres-
sion was increased by hsHA. This compound is predughen cells become confluent to
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provide an appropriate ECM environment [21]. Thidicates that scar formation might be
reduced in response to hsHA.

4.5 Quantitative proteomics of H. pylori by stable isotope label-
ing by amino acids in cell culture

The development of SILAC for quantitative proteosnaf H. pylori is challenging. The SI-
LAC study on the influence of hyaluronan sulfatwas the basis for the development of a
guantitative proteomics method fdr pylori. The acquired knowledge about the experimental
design setup as well as the data analysis of SIk#@ies was used to design a more complex
SILAC study.

Bacterial SILAC studies are rarely used in protenresearch. Some are reportedBacilus
subtilis [254], E. coli [301], Bifidobacterium longum [302] and Salmonella serovars [253].
The greatest problem for the setup of SILAC fortbaa is amino acid autotrophy of many
bacterial species. Therefore, it is hard to acheesgefficient incorporation of isotopic labeled
amino acids into proteins. Typically, growth substs with differential isotopes of nitrogen
[303-305], carbon [244] or sulfur [197, 198] areedgo perform metabolic labeling of bacte-
ria. The differential isotopes are incorporated ammaino acid synthesis. Alternatively, chemi-
cal isotope labeling can be applied for quanti@fwoteomics of bacteria [306-309]. Howev-
er, most quantitative bacterial proteomic studies l@sed on 2D PAGE [83, 95, 241, 308,
310, 311].

No SILAC study ofH. pylori is published so far. Several challenges had ®obeed to estab-
lish SILAC for this organismH. pylori is usually cultured in brain heart infusion (BHihe-
dium which consist of extracts from boiled bovirreporcine brains and hearts. Therefore, a
chemically defined medium had to be found that psrgrowth ofH. pylori and enables the
supplementation with specific isotope labeled ananmls. Additionally, this medium should
have no influence on the morphologytfpylori. Furthermore, incorporation of isotope la-
beled amino acids had to be tested.

4.5.1. Choice of medium and labeled amino acids

The Ham’s F-12 medium supplemented with FCS shawgxermit growth oH. pylori with-
out influencing the morphology in previous studi2®, 23]. In this study, Ham’s F12 medi-
um was supplemented with 5% dialyzed FCS to prewedesired introduction of free amino
acids into the culture medium. As described inliieeature, this medium promoted growth of
H. pylori and had no effect on its morphology. This was &kso case for the Ham's F12
SILAC medium which was supplemented with dialyz€x5F-

The next step was to test the incorporation ofcsetestable isotope labeled amino acids. For
this purpose, arginine and lysine were chosen.Ultieation of stable isotope labeled lysine
and arginine has the advantage that all trypticigep, except the ones derived from the pro-
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tein C-termini, are differentially labeleH. pylori is auxotroph for arginine but not for lysine.
Nevertheless, lysine was tested for incorporatinnoesHam’s F12 medium was commercially
available without lysine and arginine. Additionally was thought thad. pylori would stop
synthesis in the presence of freely available b/sin

The incorporation of lysine and arginine was testedup to seven cell doublings. Arginine

incorporation was sufficient (> 95%) after four Icdbublings. However, incorporation of

stable isotope labeled lysine was not sufficienterEwhen increasing the lysine concentration
four fold to the original recipe, a maximal incorption of 80% was achieved. It has been
shown that incomplete amino acid incorporation t&n mathematically corrected [312].

However, such an approach is labor-intensive anar-prone. Therefore, the main experi-
ment was only performed with labeled arginine.

4.5.2. Influence of morphology on the proteome of H. pylori

A triplex SILAC design with lightg *°c, 4 **N), medium ¢ *C, 4 *N) and heavyq™’c, 4 N)
labeled arginine was designed. Spiral (meditimpylori cells were compared with the coc-
coid form (light) as well as the HPnc5490 sRNA tele mutant (heavy).

The coccoid morphology showed to have reduced egpme of proteins related to cell divi-
sion, transcription and translation. This obsepratis in accordance with the termination of
cell growth wherH. pylori becomes coccoid. Proteins involved in chemotaxdsthe flagel-
lar assembly were also lower expressed by the adéoon. These findings suggest that coc-
coid H. pylori loses the ability to target the antrum by chemistard flagellar motion which
consistently leads to decreased host colonizafiiciency. Additionally, several proteins of
the type four secretion system, as well as thdamae factors CagA, Rocind Tip«, were
found to be significantly down-regulated in coccoglls. The reduced expression of major
virulent factors might explain the attenuated itifety. In contrast, the vacuolating cytotoxin
VacA as well as the infectivity related adhereraetdr OipA were more abundant in coccoid
cells. A possible explanation would be that cocdeighylori stores VacA and secrets it when
there are suitable conditions for the retransmissito its virulent form. It is also known that
VacA is stronger expressed in response to irorcieéeity [313]. Furthermore, several outer
membrane proteins showed to be higher expresseatooid cells. This might explain adher-
ence to the palatine tonsils [64].

In conclusion, it has been shown that infectivityl aolonization efficiency are attenuated in
coccoidH. pylori cells due to down-regulation of important proteimgolved in chemotaxis
and infection processes. The finding that sevartdranembrane proteins are up-regulated for
coccoid cells might indicate that these cells atbar a dormant cell stage than a preliminary
stage of cell death.

137



4. Discussion and conclusion

4.5.3. Opportunities of SILAC for further studieso  f H. pylori

The application SILAC foH. pylori that was developed in this thesis offers new bidgss
for the research dfl. pylori. Especially SILAC co-cultures with gastric epiilakkcells could
be a promising approach to reveal major mechananise pathogenesis &f. pylori. The
effect of distinct proteins could be further evaéghby RNA interference for the knockdown
of single genes in combination with SILAC. Additally, the effect of different stimuli such
as oxidative or acidic stress, as well as the ireat of H. pylori with antibiotics could be
tested with high proteome coverage. Investigatmmsntibiotic resistance &f. pylori could
be another interesting project.

SILAC could be also combined with transcriptomer@tabolome studies to monitor biologi-
cal reactions in more detail. It also enables thglieation of hyperplexing in combination
with TMT or iTRAQ labels. Recently, Dephoure andgbghowed the application of a 3-plex
SILAC approach in combination with a 6-plex TMT &ing [314]. Hereby, protein abun-
dance changes could be examined for 18 samplestaimaausly. This new developed SILAC
method forH. pylori could be further optimized by the utilization sbtopic labeled leucine

in combination with arginine. Consequently, thehag amount of quantification features
would lead to more protein quantifications, as vaslimproved quantification accuracy.

4.6 Conclusion

In conclusion, it has been shown that enrichmedt feactionation of LMW proteins offers
significantly increased identification and quamtifion rates. The application of the GEL-
FREE system in combination with the FASP methodiriesolution digestion demonstrated
the best performance. It offered the best idemtifon rates, the highest reproducibility, as
well as the easiest applicability among the threeetbped strategies for improved LMW pro-
tein coverage. This makes the GELFREE LMW prot¢iategy feasible for large scale pro-
teomic studies.

The applications of multiple proteases, as welthees MS data analysis by multiple search
engines, provide further improvements for peptide protein identification rates. The utiliza-
tion of an additional protease doubles the measemerime whereas more extensive data
analysis solely increases the computing time. Thezemultiple proteases should be applied
if the best possible protein sequence coverageldh®uachieved and measuring time is not
limited. In contrast, the application of multipleasch engines offers general but smaller ad-
vantages for every proteomic project.

The objective of the proteogenomic analysis wazfine the protein databasetdf pylori. It

has been shown that existing database entries teutirrected and new protein sequences
were identified. Besides protein sequence annatatdinements, signal peptide cleavage
sites for 63 proteins and the predominant recagmiiequence for signal peptidase | were
determined. Signal peptide cleavage plays an impbrble in bacterial pathogenesis through
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its contribution in secretion of virulent proteinkherefore, the results might have an impact
on pathogenesis research-bfpylori.

In this thesis, SILAC was chosen to be the besedunethod for quantitative proteomic stud-
ies. SILAC demonstrates the best accuracy and emdtzctionation on protein and peptide
level. In the first SILAC study, the effects of higulfated hyaluronan on primary dFb were
evaluated. High-sulfated hyaluronan has shown ta peomising artificial ECM for improved
wound healing of skin tissue. It modulates the E@fdduction of dFb and reduces the pro-
duction of MMP-2 and MMP-14 that are known to bghhy expressed in chronic skin
wounds.

Based on the knowledge gained in this study, SILW& established for relative protein
guantification ofH. pylori. An appropriate culture medium was found for tamalysis and
isotope labeled lysine as well as arginine incagpon was tested. Arginine provided a com-
plete incorporation, whereas no sufficient incogtimn could be achieved for lysine. Methods
that were developed in the previous studies wepdieapfor the SILAC study oH. pylori.
Selective enrichment and separation of LMW protaing the proteolysis with AspN in addi-
tion to trypsin were applied to increase the nundigrotein identifications. The established
SILAC workflow allowed the identification of 1143rqteins of which 743 proteins were
guantified. This represents 72% and 47% ofHhpylori proteome, respectively.

In a first application, it was shown that majorfeliences between the spiral and coccoid mor-
phology of H. pylori could be evaluated. Down-regulation of severaltgns involved in
pathogenicity, chemotaxis, cell division, as wallteanscription, indicate the attenuated infec-
tivity and colonization efficiency of cocci#li. pylori. The SILAC workflow forH. pylori
could now be applied to comprehensively study ffeceof different kind of stimuli such as
antibiotics, as well as acidic or oxidative stress.
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