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Abstract. Over the last few years the interest in diagnostic markers for specific diseases has increased continuously. It is expected

that they not only improve a patient’s medical treatment but also contribute to accelerating the process of drug development.

This demand for new biomarkers is caused by a lack of specific and sensitive diagnosis in many diseases. Moreover, diseases

usually occur in different types or stages which may need different diagnostic and therapeutic measures. Their differentiation has

to be considered in clinical studies as well. Therefore, it is important to translate a macroscopic pathological or physiological

finding into a microscopic view of molecular processes and vice versa, though it is a difficult and tedious task. Peptides play a

central role in many physiological processes and are of importance in several areas of drug research. Exploration of endogenous

peptides in biologically relevant sources may directly lead to new drug substances, serve as key information on a new target and

can as well result in relevant biomarker candidates. A comprehensive analysis of peptides and small proteins of a biological

system corresponding to the respective genomic information (peptidomics methods) was a missing link in proteomics. A new

peptidomic technology platform addressing peptides was recently presented, developed by adaptation of the striving proteomic

technologies. Here, concepts of using peptidomics technologies for biomarker discovery are presented and illustrated with

examples. It is discussed how the biological hypothesis and sample quality determine the result of the study. A detailed study

design, appropriate choice and application of technology as well as thorough data interpretation can lead to significant results

which have to be interpreted in the context of the underlying disease. The identified biomarker candidates will be characterised

in validation studies before use. This approach for discovery of peptide biomarkes has potential for improving clinical studies.

Glossary

– Peptide: Oligo- and polypeptides with a molecular mass below 20 kDa

– Endogenous peptide: A peptide generated in vivo within a biological system or subsystem

– Peptidome: All endogenous peptides present in a biological system or subsystem at a given time

– Peptidomics analysis: Comprehensive analysis of peptides present in a biological system or subsystem

1. Biomarker discovery

1.1. Medical and pharmaceutical need for proteomic

biomarkers

There is a constant need for new diagnostics and

biomarkers for the correct and early diagnosis of dis-
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eases. A biomarker by definition is a characteristic
that is objectively measured and evaluated as an in-
dicator of normal biologic processes, pathogenic pro-
cesses or pharmacologic responses to a therapeutic in-
tervention [8]. Therefore, molecular analytes which
correlate with disease states are searched for to de-
velop new assay systems [13,23,60]. The correspond-
ing research so far has delivered few new molecules.
Along with the decryption of the human genome as
the blueprint of human life, the knowledge about the
molecular nature of the substances produced in our
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body evolving from the genome becomes more and

more important. The risk factors for a disease might be

defined genetically, but the development of a diseased

state mostly does not involve changes in the genome

itself. Changes occur usually downstream in regulatory

processes like gene expression, protein synthesis and

processing [34]. Typical approaches thus include the

analysis of RNA, proteins and nowadays also of pep-

tides. The measurement of RNA quantities using for

example multi-analyte chips is one possibility,but RNA

levels not necessarily depict protein expression [3,20,

23]. The subsequent processing of proteins is a widely

occurring principle that results in metabolic variation

in living systems. With a systemic view about pro-

teins and peptides as the main gene products, there is a

great potential to better understand the complex regu-

latory systems of the human body and to identify new

molecules that can be used as biomarkers or diagnos-

tics. With the integration of modern proteomics [3,43]

and peptidomics [45] technologies into biomedical re-

search, it is anticipated that the number of new molec-

ular biomarker entities will substantially increase. The

requirements for biomarkers in clinical development of

new drugs and toxicology are somewhat different com-

pared to biomarkers for diagnostic use, but the same

set of new technologies has the potential to be applied

in these fields, too [28,60].

The new possibilities of mass spectrometry enor-

mously improved the sensitivity and selectivity of pro-

teomics and peptidomics enabling a comprehensive

analysis of proteins and peptides [2,6]. Over recent

years 2D-gel electrophoresis in combination with mass

spectrometry has become the main proteomics research

tool [3]. This methodology addresses the analysis of

proteins in a molecular mass range between about 10

and 200 kDa. However, smaller proteins and native

peptides are not yet covered by the standard proteomics

methodologies.

1.2. Peptidomics – why peptides as biomarkers?

The term peptidomics was first introduced in Febru-

ary 2000 at the ABRF conference “From Singular to

Global Analyses of Biological Systems”. It was coined

as a short version of “peptide proteomics” and describes

the comprehensive qualitative and quantitative analysis

of all peptides and small protein of a given biological

system. We and a second group independently pub-

lished different peptidomics concepts in parallel for the

analysis of peptides in body fluids [45] and in endocrine

research [11]. The number of peptidomics papers has

grown steadily ever since.

Peptides are oligomers or polymers of amino acids

linked by peptide bonds. There is no official clear-

cut definition distinguishing between peptides and pro-

teins [24]. We refer to the term ‘peptide’ for oligo- and

polypeptides in the range from dipeptides to molecules

of about 20 kDa. This choice was mainly based on the

differences between the physico-chemical properties of

peptides and proteins. A further reason for this defi-

nition of peptides is their physiological discrimination

in the human organism by the cut-off of the kidney fil-

tration of blood plasma components. Hemofiltration is

used to replace the kidney function in patients with end-

stage renal disease using the same cut-off by remov-

ing compounds with molecular masses below 20 kDa

whereas plasma proteins are retained [46].

Peptides are involved in almost all physiological ar-

eas and are tightly regulated by proteolytic control [49].

Quite frequently one precursor is cleaved into several

biologically active peptides and occasionally this pro-

cessing varies in different types of cells or tissues [15,

22]. These complex processing patterns of peptides

can be used for diagnostic purposes [36,40]. More-

over, further processing that could also be of diagnos-

tic use occurs in the extra-cellular compartments of

the body [37]. Insulin illustrates such an example:

The two insulin chains are released from one precur-

sor molecule, the proinsulin, by enzymatic removal of

the C-peptide, a segment connecting the two insulin

chains within proinsulin. The insulin molecule is used

as a therapeutic compound but also for the diagnosis

of diabetes. In addition, the C-peptide as side product

from the processing is used as a diagnostic marker. In

diabetes diagnosis it is preferred compared to insulin

since its biological half-life is longer and it is easier to

measure.

Several peptides are already commercially available

as diagnostic markers or are under validation in clinical

research: Insulin and C-peptide are used in diabetes and

beta-amyloid peptide has been established as a marker

for Alzheimer’s disease. Relevant peptides can be pro-

cessed protein fragments as well as products of degen-

eration and metabolism of proteins. Some regulatory

messengers, such as hormones and cytokines and their

pre-processed or processed forms are useful as diagnos-

tics. Procalcitonin is the current gold standard for di-

agnosis of sepsis [58]. Another very recent example of

a peptide biomarker is the diagnosis of cardiovascular

diseases by means of brain natriuretic peptide (BNP)

that is cleared very fast by the body. An assay for an
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Table 1

Examples of important human peptides which are used as diagnostics or

biomarkers

Peptide Molecular mass [kDa] Clinical use

Gastrin 2.1 Ulcus, diarrhoe

C-peptide 3.1 Diabetes

Beta-amyloid peptide 4.8 Alzheimer’s disease

Insulin 5.8 Diabetes

Osteocalcin 5.8 Osteoporosis

NT-proBNP 8.6 Cardiovascular diseases
Procalcitonin (PCT) 13 Sepsis

N-terminal propiece of 8.5 kDa (NT-proBNP) [26,33]

is now used as a marker for congestive heart failure

with good success.

In addition to a use in diagnostics, such molecular

parameters are needed to monitor the efficacy of a ther-

apy in case of a lack of accessible appropriate clinical

parameters. Such biomarkers are for example needed

for degenerative diseases with slow progression. A

well-known example of such a biomarker is the beta-

amyloid peptide in the cerebrospinal fluid of patients

suffering from Alzheimer’s disease, indicating the sta-

tus of amyloid and plaque formation [7]. Table 1 lists

prominent examples for diagnostic products derived

from peptide discovery. The original peptides discov-

ered have a molecular mass well below 15 kDa. Several

further peptide-derived compounds are currently under

clinical development. All these examples demonstrate

the use of peptides in different disease areas. With bet-

ter molecular parameters at hand, it is expected to ac-

celerate drug development in such diseases.

2. Process chain

2.1. Background and hypothesis

Biomarker development and application require a

multidisciplinary approach. Teams with very different

skills and competences are needed for success [13].

The complex nature of the scientific work can be re-

duced by establishing defined separate modules that

are assembled to a process chain (Fig. 1). This break-

down of complexity allows smaller teams to focus all

necessary skills on their respective core competence.

Nevertheless, it has to be taken into account that the

weakest module of the process chain will determine the

overall quality of its output. Furthermore, failures in

the early phases of that chain can not be compensated

downstream by sophisticated technology or data min-

ing. Very often soft skills such as communication are

critical and have to be addressed by a competent project

management.

To start a pepdidomics-based discovery project aim-

ing at new biomarkers possible hypotheses about the in-

volvement of peptides have to be defined and reviewed;

an assumption about changes in the concentration of

peptide analytes has to be made. Such changes oc-

cur very likely in diseases where proteolytic enzymes,

peptide hormones or protein processing are involved.

This includes degenerative diseases like Alzheimer’s

disease and osteoporosis or diabetes and obesity that

comprise hormonal dysregulation.

As a starting point, a hypothesis is intended to model

the progression of the disease. Biomarker discovery

includes the analysis of a dynamic disease process and

the characteristics of such a process have to be consid-

ered in the study design. This systematic approach has

been underestimated in the past and the paradigm for

global “omics” analyses has to be changed into a view

for dynamic systems that is comparable to the systemat-

ics that is well established in non-equilibrium physical

chemistry [52]. For the time being, it should be helpful

to apply at least simple models of the progression of

disease, for example:

– Acute change that results in two almost discrete

states

– Continuous change of the disease progression

– Stepwise change of disease progression

– Occurrence of transition states between health and

disease

As typically a plethora of peptide analytes is anal-

ysed, only a restricted number of well-defined sample

groups should be included in a study. For the selection

of groups of patients it has to be taken into account,

whether the disease reaches a defined endpoint or if

it can progress into further states which may be even

not specific for that disease, i.e. for all patients. Con-

founding diseases might be included and sometimes it

is impossible to define a group of “healthy” controls.

The preceding state or starting point of the investigated
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Fig. 1. The process chain of peptide biomarker discovery comprises several consecutive steps. Each step is represented by a box. Grey boxes

correspond to topics reviewed in this article.

disease might not be healthy but another disease or

physiological status which is difficult to differentially

diagnose against the target status. Thus, different states

of disease may be compared that have to be defined

precisely before experimental work starts. Samples are

ordered into groups representing a well-defined status.

The more groups are used the more detailed information

can be obtained. But it also complicates the data mining

process, as it is illustrated by our study on Alzheimer’s

disease, where the Alzheimer group was compared to

two different control groups: subjects without cogni-

tive impairment and patients suffering from another

type of dementia [48].

With an appropriate model in mind it is possible to

decide on the most suitable groups and time points to

recruit samples. A wrong decision at this point can

already substantially derogate the success of the whole

project, obliterating the subsequent work in the process

chain. The process of model-based biomarker discov-

ery is a more complicated approach than typically de-

scribed in the literature. However, it is possible to rely

on knowledge generated within decades of research in

different disciplines [56].

Designing a good hypothesis needs a lot of experi-

ence and expertise, thus clinical experts usually have

to take the lead. The hypothesis in general has to be

adjusted to the clinical context of a disease or treat-

ment. In case of an commercial output, market require-

ments have to be taken into account as well. Interdis-

ciplinary communication has to solve this task, which

often is impaired by a lack of comprehension of the

clinical and technology experts. Therefore, an expe-

rienced team, where the necessary professional skills

are combined appropriately, is an invaluable basis for

projects on biomarker research.

2.2. Study design and samples

Many proteomic studies have been published during

the last years describing the use of very limited numbers

of clinical samples. This only partially led to progress

in diseases of difficult aetiology such as Alzheimer’s

disease [9,43] and cancer [1,38]. However, many other

studies did not give significant results and it has to be

accepted that the same rules in principle have to be ap-

plied in biomarker discovery as they are used in clin-

ical studies [32]. This means that it should be esti-

mated within the study design phase what chance of

success a project has under certain assumptions. With

this knowledge at hand, it is possible to decide whether

a study should take place or if parameters have to be ad-

justed before the start of sample analysis. The selection

and appropriateness of criteria and parameters has to

be done at such an early stage and not after completion

of a lot of analytical work.

The number of samples is the most critical param-

eter in many biomarker discovery projects since it is

difficult to collect sufficient numbers of suitable clini-

cal samples with a good overall quality. A mandatory

criterion is a very good and reliable clinical diagno-

sis by an experienced physician based on the available

gold standard. Such samples are often difficult to ob-

tain, very expensive and limited in amount and volume.

For larger sample sets usually several clinical centres

are included which increases the variance of sample

quality and the diagnosis. Centre effects may be the

sources of systematic errors. Though a multi-centre

based project may result in a biomarker that addresses a

wider population, it should be restricted to later discov-

ery phases. In early phases samples should be as ho-

mogenous as possible. Biomarker candidates from the

early phase shall be verified or differentiated with fur-

ther sample sets, including several sources. Nonethe-

less, all samples have to fulfil the same criteria and

the need of such samples led to the establishment of

so-called “biobanks” that are built up by companies or

clinical centres.

The sample size depends on several parameters and

has to be estimated on the basis of the underlying hy-

pothesis and the biological as well as the technological

variance. In the characterisation of diagnostic tests a

terminology was developed to quantify discriminatory

accuracy [50] which can be adopted to characterise dis-

covery projects. The samples size n, i.e. the number
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of samples necessary for finding differences, can be

depicted as a function of several factors which have to

be considered for estimation:

n = f (ROCtar, ROCdia, Spep, Vbio, Vtec, ∆c);

with

ROCtar: given value for the integral of the receiver

operating characteristic curve, combining the expected

sensitivity and specificity for a final diagnostic assay

ROCdia: value for the integral of the ROC curve

concerning a given hypothesis which is available in the

chosen clinical setting

Spep: sensitivity of the peptidomic analysis

Vbio: biological variance and sample heterogeneity

Vtec: technological variance of the applied methods

∆c: Expected difference (dynamics) in marker con-

centrations

The sample size has to be increased in non-linear

fashion for increasing discriminatory power of a

marker, reflected by a high ROC value, with the un-

certainness of the clinical diagnosis and increasing bi-

ological variance of the samples as well as technolog-

ical variance. The sensitivity of the peptidomic anal-

ysis has a twofold input. With increasing sensitivity

more potentially interesting molecules can be semi-

quantitatively analysed. The increasing number of an-

alytes increases the risk of false positive results that

again can be overcome by more samples. The expected

effect in change of peptide concentrations correlates in

negative fashion with the sample size.

A typical sample size for simple biomarker studies

often is below n = 10 per group which means that

practically no statistical analysis is possible in the case

of multi-variate data. This number can only serve as

a starting point to check sample quality and analyti-

cal instrumentation. To perform a reliable statistical

interpretation that delivers robust marker candidates,

sample numbers usually exceed a few dozens and can

easily be above 100. Since clinical samples are usually

expensive and collection is very time consuming, ex-

periments with suitable animal model systems may be

considered for the first steps of the discovery process –

wherever appropriate [44]. In this case the study can

be designed in an optimal way and sample availability

is not restricted to samples that are usually taken in

clinical settings.

Many early proteomic discovery projects started with

a simple assumption of comparing healthy and diseased

states using too few samples of different and often not

precisely defined clinical stages, e.g. in cancer research.

This led to observations where the corresponding pro-

teins or peptides were linked to such unspecific effects

as acute phase reaction, cell lysis or other general clin-

ical symptoms and biochemical processes [59]. The

analysis of the acute phase response in human blood

plasma was in fact one of the early quantitative pro-

teomic studies demonstrating a potential diagnostic ap-

plication [17].

At this stage it shall be considered to collect suffi-

cient material not only for experiments on marker dis-

covery but also (1) for method development in pilot

studies in order to avoid problems in later phases of

the process chain and (2) to allow identification of the

molecular nature of interesting hits. For the data min-

ing process clinical data like a pathological and phys-

iological characterisation of the patients by experts is

mandatory. Data must be documented in a standardised

format as spreadsheet or database, providing a uniform

input for the data mining process.

Special attention has to be paid to the procedure of

sample collection. The biochemical synthesis of pep-

tides in higher organisms is usually performed via pro-

tein precursors. Peptides are therefore indirect gene

products occurring after a series of processing steps.

Specific enzymatic proteolysis is the most important

post-translational modification for peptides and in par-

ticular for peptide hormones such as insulin. Enzy-

matic activities therefore have to be carefully stopped

immediately after sample collection. Different mea-

sures or combinations thereof are applied, such as a

substantial change of pH, the reduction of certain metal

ion concentrations (e.g. by EDTA complexation) and/or

addition of specific inhibitors. If applicable, a size de-

pendent separation of molecules larger than 20 kDa re-

duces the concentration of enzymes which typically re-

side in the range of 25–30 kDa. Furthermore, rigorous

cooling to at least 4◦C and freezing for long-term stor-

age should be applied immediately after sample collec-

tion. This is of special importance in studies that focus

on endogenous peptides. The information content of a

peptide hormone often is that specific that the removal

of only one amino acid residue from the peptide chain

sufficiently alters the physico-chemical properties and

changes its biological function.

In conjunction with the problems of interacting with

different clinical partners which are usually lacking suf-

ficient time for research and are no experts in protein

chemistry, it is very critical to condense and communi-

cate the necessary information. Detailed standard oper-

ating procedures (SOP) help to establish a standardised

procedure for sample collection and handling, thereby

reducing sample variability. However, the practical im-

plementation in the clinic should be discussed in ad-
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vance and controlled during sample collection; a cus-

tomized training of the responsible clinical staff may be

helpful for complex procedures. Samples that do not

fulfil stringent criteria should be excluded before anal-

ysis as such samples will not improve but rather impair

the overall results. In a study recently performed for

identifying new biomarkers for Alzheimer’s disease,

more than 300 samples were included to gain enough

information to properly reduce the number of potential

peptide biomarker candidates [48].

In conclusion, well selected, collected and docu-

mented clinical samples are a key factor of successful

biomarker discovery. It is worthwhile to pay specific

care to the samples as these otherwise may deliver se-

rious and even irreversible errors in the analysis. A

sufficient number of individual samples according to

study design is a prerequisite to achieve a valid result.

2.3. Sample analysis

Peptides in general usually occur in small quanti-

ties within complex biological matrices. This is at-

tributed to the complexity of biological sources, the

small concentration of the single components and the

overwhelming amounts of a few house-keeping pro-

teins. Peptide research is thus substantially driven by

innovations in analytical chemistry [45,49]. Due to

the physico-chemical properties of peptides, a separa-

tion by chromatographic methods is favourable [31].

The best detection instrumentation is mass spectrom-

etry (MS) since it is sensitive, extremely accurate and

allows quantification. Especially the impressive boost

in mass spectrometry during the last 20 years [2,42]

improved the analysis of peptides by several orders of

magnitude in terms of sensitivity, specificity and speed.

Before these methods can be applied, a stringent

sample preparation is necessary. Biological samples

usually have a much higher content of larger proteins

as compared to peptides. In blood plasma, albumin is

dominating the whole protein content with about 40 to

50 g/L. This corresponds to almost 1 mmol/L in molec-

ular concentration. However, typical concentrations of

peptides in blood vary between about micromolar and

picomolar concentrations for peptide hormones. More-

over, blood plasma and cerebrospinal fluid as other bi-

ological samples consist of a very complex mixture of

peptides [21,41]. A very effective sample preparation

is thus needed to remove three to nine magnitudes in

concentration of proteins still allowing a reproducible

analysis of peptides. Single depletion steps like im-

munoprecipitation, solid-phase extraction or ultrafiltra-

tion typically allow a factor of hundred to thousand

in enrichment of peptides which still is not sufficient.

Several methods have to be combined and carefully op-

timised. For the sake of reproducibility every step of

the sample preparation has to be examined in terms of

relative quantification. This can be monitored by the

addition of internal standards and in a later stage by

means of common abundantly occurring components

in the sample that are used in a similar way as internal

standards. Though not as important as reproducibil-

ity, the recovery of the analytes should be ascertained,

being not too low.

The result typically is a modular process chain that

allows a robust sample preparation and subsequent

analysis [12,47]. A rigorous standardisation and au-

tomation of all parts of the analysis such as sample

preparation, chromatography and mass spectrometry

is the basis for a semi-quantitative interpretation of

the data. All instrumentation and disposables have

to be evaluated carefully, otherwise substantial differ-

ences can be delivered by variances of the technology

alone as it was shown for surface-enhanced laser des-

orption/ionisation (SELDI) based analysis as an exam-

ple [6]. A high sample throughput facilitates the analy-

sis of high sample numbers and replicate measurement,

e.g. for statistical reasons.

A simple technological approach is the use of SELDI

analysis which typically focuses on peptides [1,9,38].

Here sample preparation takes place without subse-

quent chromatographic fractionation but by means of

specific mass-spectrometric targets with different sur-

face affinity characteristics. This allows an easier data

mining process as each sample is represented in a sin-

gle mass spectrum. However, this leads to a dras-

tic decrease of the number of signals due to super-

imposition of signals as a result of the omission of a

preceding chromatographic fractionation and as a re-

sult of the low resolution of the used mass spectrom-

eter. Mass-spectrometric peaks are not fully resolved

and it is thus difficult to distinguish between different

molecules. Furthermore, the lacking separation leads

to substantial suppression effects if one or a few ana-

lytes dominate a sample. The outstanding advantage

of this system is its simple use by almost any group

interested in biomarker discovery without needing a lot

of specialised skill and experience.

The above mentioned problems can be overcome by

coupling of a chromatographic fractionation process

with an mass-spectrometric analysis [45,47]. Such ap-

proach requires a specific and sophisticated technol-

ogy platform to secure the quality of the process chain
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which so far has been accomplished only by few groups.

As an alternative chromatographyand mass spectrome-

try may be coupled online [25,57]. Again, a high repro-

ducibility has to be achieved which includes extensive

validation of the analytical steps. Every step can be

monitored by use of added internal standards or abun-

dant components within the sample itself. Finally, the

processes have to be carried out according to standard

operating procedures (SOPs), automated and checked

for quality by experienced staff using a set of defined

parameters.

2.4. Data mining

The interpretation of large data sets is still a devel-

oping field in biology and the application of strict pro-

cedures for data processing and statistical analysis is

often overcome with rather simple rules. It is not suf-

ficient to just state that a twofold increase in intensity

is a significant result [54] but the significance of sig-

nal differences has to be verified. The significance of

changes in the data sets depends on about the same set

of parameters as the sample size (ROCdia, Spep, Vbio,

Vtec, ∆c, n) including also the number of samples it-

self. The quality of the data set usually increases with

sample size, but less than linear. Critical is that the

technological variance has to be less than the biological

variance in this context. Often this is not known prior

to sample analysis and therefore, data mining includes

an iterative analytical process. In every step it has to

be verified that the results are robust.

In the case of peptidomic biomarker discovery

analysing several thousand analytes [21,29,48] is in-

cluded in the data mining process. Samples are anal-

ysed in several independent analytical sets of samples

each delivering a data set for a separate independent

statistical analysis. A specifically designed software

has been developed for automated analysis of mass

spectrometric data as well as a data mining process for

detecting the most robust markers. For each analyti-

cal set non-parametric statistics is performed for any

mass-spectrometric signal: absolute and relative dif-

ferences, non-parametric U tests and ROC curves (re-

ceiver operator characteristic) in order to discriminate

between the patient groups. Clinical data are included

and correlated to the experimental outcome; e.g. the

occurrence of a pathological status or clinical symptom

is related to the mass-spectrometric signal intensity and

correlational analysis is performed. The resulting list

of candidates is sorted based on a statistical parameter,

e.g. the ROC values, and the lists from all analytical

sets are combined. Selection criteria like a minimal

ROC value or a p-value are defined before analysis and

all signals that meet these criteria in all analytical sets

are considered as marker candidates [48].

2.5. Peptide identification

After successful extraction and quantification of pep-

tides, the next important aspect is sequence identifica-

tion. This enables the interpretation of the biological

context, supports the validation and facilitates patent

protection of the results of biomarker discovery.

In several early proteomic studies using SELDI mass

spectrometry of clinical samples (e.g. [1,38]), a so-

phisticated data mining process was also applied lead-

ing to promising results. However, the choice of hy-

pothesis is debatable as cancer patients were compared

with healthy controls but not with other oncologic dis-

eases. This approach did not take sufficiently into ac-

count the multifactorial nature of cancer which is as-

sumed to develop in several stages before the disease

can be diagnosed. Subsequent studies did not find the

same set of markers [16]. One specific problem of

this SELDI-based analysis is the difficulty in identify-

ing the molecular nature of the marker candidates, a

limitation that has not yet been fully overcome for this

technology. Though it has been discussed whether this

knowledge is a prerequisite in biomarker discovery [14,

16] we strongly believe that in the current learning

phase of applying proteomics and peptidomics tech-

nology, the identification of the candidates is essential

to verify the whole process chain for biomarker dis-

covery. In addition, the knowledge of the identity (se-

quence) of biomarker candidates is a very likely pre-

requisite for obtaining intellectual property. Although

these pioneering SELDI-based experiments did not ful-

fil the initial expectations they gave a remarkable impe-

tus to the area of biomarker discovery in general. Be-

low, approaches allowing the sequence identification

of biomarker candidates by mass spectrometric analy-

sis will be introduced. The SELDI approach may be

supplemented by these technologies that have proven

to deliver the required information.

Presently, most sequence information is generated

by mass-spectrometric methods followed by database

comparison owing to the high-throughput nature of

the technique compared with Edman sequencing or

amino acid analysis [2]. The identification of pep-

tides from complex biological sources is still a chal-

lenge that could be overcome by further development of

mass spectrometric instrumentation [10]. Proteins are
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usually digested with trypsin into several peptides and
identified by comparison of the such cleavage pattern
with databases. For peptides, the number of possible
specific trypsin cleavage sites is typically too small for
an identification via this approach. As a prerequisite,
the original peptide has to be purified to a high extent.
With the modern mass spectrometry instrumentation,
the identification of the amino acid sequence of pep-
tides and small proteins is favourably achieved with a
“top-down” approach which involves high-resolution
mass spectrometric measurement and fragmentation of
intact ionised molecules in the gas phase [27].

The absence of practical experience in top-down
identification of endogenous peptides from complex
mixtures has recently been overcome by the develop-
ment of optimised experimental protocols [5,35]. Af-
ter a reduction of complexity of biological samples by
liquid chromatography and mass-spectrometric frag-
mentation, the resulting characteristic data of multiply
charged fragment ions can be identified by using spe-
cific software for automated database searches. The ex-
isting databases, whether they cover proteins, genomes
or ESTs are of great help for acceleration and automa-
tion of identification processes, although there is still
a lack of specific databases and software to search for
post-translational modifications. A specific workflow
combining initial liquid chromatography followed by
offline mass spectrometry was established for the sep-
aration and identification of peptide components from
complex mixtures. A Q-TOF spectrometer is used for
a very powerful purification step and subsequent mass
analysis of the fragments. The quadrupolar ion optics
very effectively separates the ions of interest which can
be analysed subsequently in the TOF (time of flight)
part after collision-induced dissociation of these pep-
tides. This approach was for example successfully
applied for the identification of endogenous peptides
in cerebrospinal fluid [21,35,51] and murine brain tis-
sue [35,53]. This top-down methodology is generally
applicable for peptides up to 9 kDa from body fluids,
tissues or other biological sample sources and also al-
lows for the identification of post-translational modifi-
cations. If the molecular mass range of the proteins of
interest clearly exceeds 10 kDa, the application of ei-
ther classical peptide mapping [2] or the application of
more sophisticated FT-ICR-MS instrumentation [27] is
favourable.

2.6. Biological interpretation

At this point of the process chain the original pro-
ject’s hypothesis has to be reviewed in order to verify,

disprove or modify the initial assumptions, in order to

change the study design or consider a termination of

the project. A modification or disproval might request

a modified or even a new hypothesis for the molecu-

lar nature of the disease. Another type or preparation

of sample may be required which may result in a new

design for the project.

In the case of peptide biomarker candidates first the

corresponding protein precursors and genes are exam-

ined. These are surveyed for relevance in the dis-

ease context by database and literature retrieval. More-

over, it should be evaluated if further peptides from the

same precursor or gene are also potential candidates or

not. With mass spectrometric technology, this is rather

easy as, based on the precursor sequence, the potential

molecular masses can directly be calculated and pos-

sible candidates can be screened by use of automated

software tools [30]. The processing sites of the peptide

candidates are another source of information. These

may lead to the proteolytic enzymes that generated the

peptides which could contain further important infor-

mation and can be compared to the disease model.

During the process of evaluation, it should be kept

in mind that not all detected differences must causally

be linked to the disease, although biomarkers with an

obvious interrelation to the underlying disease are the

easiest to interpret and the most interesting for further

studies [34]. The process chain is completed with a

ranking summarising all important information gath-

ered from the analysis, data mining and biological in-

terpretation modules. This list or matrix should then

be used to select the best candidates for further devel-

opment or to design a new discovery project.

2.7. Further steps

A very promising feature of peptidomic analysis is

the availability of several methods for quantitative anal-

ysis of selected components. Immunoassay based mea-

surement with radioimmunoassay (RIA) or enzyme-

linked immunosorbent assay (ELISA) are well estab-

lished. Moreover, mass spectrometry can also be used

to determine the amounts of specific peptides with the

modern instruments capable of both improving the pu-

rification and performing the quantification [25,45].

Sample preparation can be performed by affinity [19,

55] or chromatographic purification, with the analy-

sis conducted either online or offline. The combina-

tion of affinity preconcentration with rather low speci-

ficity combined with subsequent mass spectrometry

seems very promising [4]. Electrospray MS [18,25]
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and MALDI-TOF-MS [19,55] are both suitable detec-

tion methods for quantitative measurements. The quan-

tification can be performed by comparison with either

external [55] or internal [18,19] references. The subse-

quent steps concerning validation and initiation of the

development of an assay system are reviewed in two

papers from experts from the diagnostics industry [23,

60].

3. Example of a peptidomics application:

Differential peptide display in cerebrospinal

fluid

A body fluid of specific interest in neurodegenera-

tive diseases is cerebrospinal fluid (CSF), as CSF is a

known source for neuropeptides and peptide biomark-

ers in neurodegenerative diseases such as Alzheimer’s

disease [7]. By using different combinations of liq-

uid chromatography and mass spectrometry many pep-

tide components in CSF were identified [39,51]. CSF

does not contain such an overwhelming content of high

abundant proteins like blood plasma. Many of the high

abundant peptides are generated by specific proteolytic

processing of neurospecific protein precursors like se-

cretory proteins [51]. Applying a high-resolution pep-

tidomic display, a specific peptide pattern from CSF

was shown [21].

This work from our group was the first example of

biomarker discovery in CSF using the differential pep-

tide display (DPD) technology for a systematic screen

of all CSF peptides in relation to a clinical condition:

CSF from two patients suffering from a primary CNS

lymphoma (PCNSL) was analysed and the peptide pat-

tern was compared with that obtained from samples

from three subjects undergoing routine myelography.

More than 6,000 signals were detected with each sig-

nal’s position characterised by its relative molecular

mass and its elution time during the preceding chro-

matography. This precision allowed the comparison of

the two peptidomes: Several differences were found

and one, that was detected with higher intensity in the

PCNSL samples, was identified as a 24 amino-acid

fragment of serum albumin. This identification of the

peptide that correlates to the mass-spectrometric sig-

nal from the DPD analysis allows the evaluation of

the pathophysiologic relevance of that difference in the

peptide pattern. The increase of that particular albu-

min fragment can be explained by barrier disruption

that typically occurs in tumour patients. The complete

albumin molecule is an established marker for the in-

tegrity of the brain barriers with the ratio of albumin

concentration in CSF and blood correlating with the

extent of the barrier disruption. The smaller peptide

might even easier traverse the blood-CSF barrier in-

dicating a less severe barrier disruption at an earlier

time point. Further CSF analyses should include rele-

vant clinical data like the albumin quotient of CSF and

blood as well as correlational analyses for establishing

relations between candidate peptides and those clinical

parameters [21,29].

Neurodegenerative diseases pose a growing medical

need. Especially Alzheimer’s disease (AD) is expected

to drastically increase in the next decades. For the diag-

nosis of AD peptide biomarkers in CSF, that originate

from the processing of amyloid beta protein by secre-

tases, are already established [7]. A few peptidomic

studies were undertaken to identify further biomarkers

for this severe disease. Using SELDI-MS several po-

tential peptide candidates were identified [9]. How-

ever, these studies involved rather small sample num-

bers resulting in data that still have to be validated. Fur-

thermore, a lack of sufficient quantities of CSF from

relevant patients hampers the precise identification of

the peptides of interest. Thus, as proposed above, such

studies should include several hundred samples of CSF

and a sufficient data mining strategy to address biolog-

ical and technological variability and diagnostic uncer-

tainty [48]. The patient groups shall be defined prior

to sample collection, e.g. by balancing parameters like

age between the groups or including only comparable

subgroups concerning genetic background or external

factors, e.g. lifestyle. A late consideration during the

data mining process can only compensate partially – if

at all – the negligence of early selection and balanc-

ing of subjects. The example of AD also illustrates

the importance of documentation of clinical data since

a matching of samples from AD and control groups

concerning the age of subjects has to be considered for

sample selection and statistical evaluation of the data.

4. Conclusions and outlook

A systematic project design is necessary to discover

biomarkers by applying new peptidomic technology.

The available technologies are sensitive, highly auto-

mated and of robust quality allowing reproducible anal-

yses of semi-quantitative data. Several thousand pep-

tide signals are commonly detected in a broad dynamic

range of concentration and differential comparisons by

specific software tools for data mining pinpoint biolog-
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ically relevant biomarkers. The scalability of the anal-

ysis allows identification (sequencing) of biomarker

candidates and their subsequent biological evaluation.

The process chain is robust and reliable enough for

application in industrial or clinical settings to discover

reliable biomarker candidates and perform initial vali-

dation steps to reduce false positive candidates. More-

over, the possibility to search in protein and DNA

databases has made the identification much easier with

high success rates. The underlying analytical meth-

ods are still in rapid development. Nevertheless, the

(sub-) discipline of peptidomics is still a rather new and

growing field of research with this new molecular terra

incognita, which is very likely a wealthy source of new

information suitable for biomarker and drug discovery

as well as the monitoring of clinical studies.
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