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Abstract

The quest for biomarkers has seen a renaissance due to the application of newly developed separation methodologies and advances ir
biomolecular mass spectrometry. It can be argued that each disease influences the physiology of an organism and that these changes shoul
be measurable. Many diagnostic and therapeutic decisions are supported by measurable biochemical or cellular changes in plasma, serum o
urine but it is unquestionable that there is a great lack in better markers for early disease detection and prevention. In this review we cover
recent developments in the areas of separation science, sample preparation and mass spectrometry as applied to biomarker discovery. W
focus, in particular, on the use of LC-MS and SELDI-TOF-MS as two approaches that have seen an upswing in recent years. While validation
of newly discovered biomarkers or biomarker patterns and their introduction into diagnostic practice will be a long process, it is our believe
that many future diagnostic tests will be based on markers discovered through novel profiling technologies as those outlined in this article.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Presently, many biochemical and cellular parameters are

] ] routinely measured in blood, plasma, serum or urine in
Most diseases manifest themselves by more or less se4ny major hospital and the results of these measurements
vere changes in human physiology. This forms the basis 5,nnort decision making by clinicians (Table 1). One of the
for clinical chemistry and its value in helping to diagnose mgajor challenges in using body fluid analyses for diagnostic
disease correctly and in following therapeutic interventions. ., therapeutic purposes is that there is a large natural varia-
tion in the concentration of proteins, peptides or metabolites
* Corresponding author. Tek-31-50-3633338; fax:+31-50-3637582.  between individuals ranging from 1 to 40%. Coefficients
E-mail addressr.bischoff@farm.rug.nl (R. Bischoff). of variation (CV) within a given assay are considerably
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Table 1
Biochemical and cellular parameters measured by clinical chemistry in
body fluids
Assay Concentration Mean CV  Mean CV
inter-assay intra-individual
(%) (%)
Sodium 140 mmol/l 1.0 0.6
Potassium 4.0mmol/l 15 4.8
Calcium 2.50 mmol/l 15 1.8
Urea 5.0mmol/l 2.0 12.6
Creatinine 100 umol/l 2.0 4.4
Uric acid 0.50 mmol/l 2.0 8.4
Iron 30 umol/l 3.0 19.8
Ferritin 15-280ug/l 5 10
Glucose 10.0 mmol/l 25 4.4
Total protein 7049/ 2.0 2.8
Albumin 409/l 2.0 2.8
TSH 0.3-3mull 5 10
ASAT (GOT) 50U/ 25 14.4
ALAT (GPT) 50U/ 25 27.2
LDH 500 U/l 25 7.8
Alkaline 150U/ 25 6.8
phosphatase
Gamma-GT 50U/ 25 12.0
CPK 150U/ 3.0 42.0
CPK-MB 0-12 U/ 10 30
Amylase 200 U/ 3.0 9.0
Bilirubin 20umol/l 35 22.6
Triglycerides 2.00mmol/l 25 23.0
Cholesterol 5.0mmol/l 25 5.2
HDL-cholesterol 1.0 mmol/l 4.0 10.0
1gG 8.0-15¢/l 5 3
IgA 1.1-3.79g/l 5 3
IgM 0.5-2.0¢g/l 5 3
BSE 2-15mm/u 10 10
Hemoglobin 8.7-11.2 mmol/l 1 3
MCV 88100l 2 1
MCH 1.70-2.20 fmol 2 1
Erythrocytes 3.50-5.9& 10E12/I 2 2
Leucocytes 4.0-10.&x 10E9/I 3 10
Thrombocytes  150-40& 10E6/I 3 10
APTT 30-40s 5 5
PT 10.0-13.0s 3 5
Fibrinogen 2.0-4.0¢9/l 7 15
Homocysteine 8.4 umol/l 4.3 7.0
controls

-+— number | number —

smaller by comparison. Intra-individual differences result
from widely varying nutritional habits, the effect of natural
cycles (e.g. day/night, menstrual cycle) and genetic differ-
ences between individuals (e.g. CYP450 profiles). Never-
theless, long-term experiences show that many biochemical
and cellular parameters can be successfully used to assess
disease development and therapy.

When attempting the discovery of new and possibly more
predictive biomarkers, it is critical to assess the natural con-
centration range of such markers and the variation within a
given group of individuals. Validation of a given biomarker
or multiple correlated biomarkers (marker patterns) is a
lengthy process, since the biochemical measurements need
to be assessed in light of established clinical criteria, which
are often obtained only after considerable periods of time
and with great efforts. An example is the assessment of the
development of pulmonary emphysema, a slowly progress-
ing destruction of lung tissue, which leads to a reduction
in lung function after many years of chronic inflammation.
Any biomarker that should allow early diagnosis and as-
sist in defining the most effective therapy will have to be
correlated to this slowly progressing disease picture. Simi-
lar requirements are needed for other major diseases in the
Western World such as atherosclerosis or diabetes type Il.
Consequently, validation of biomarkers, requires the study
of large patient populations over considerable time periods.
Finally, a threshold value needs to be defined above (or be-
low) on which action is taken. Threshold values are often
further adjusted based upon growing experience over the
years and their level may depend on ethnic differences or
individual factors. Suitable biomarkers should have a high
predictive value and produce a low false positive and nega-
tive rate. Thus, there is an interplay between the set threshold
level and the generation of incorrect diagnoses as outlined
in Fig. 1.

Focus in biomarker research is shifting from methods that
can analyze one marker at a time to so called profiling meth-
ods, which allow the simultaneous measurement of a range
of markers. It is believed that such marker patterns will

cut-off value

D ——

diseased

Fig. 1. Schematic illustration of the interplay between setting a cut-off value (threshold) and the possibility of making false negative (F\pasifiais
(FP) diagnoses. TN: total negatives and TP: total positives.
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allow a statistically more stringent differentiation and a bet- matography and mass spectrometry, for the analysis of body
ter classification of patient groups. This should improve early fluids in search for novel biomarkers. We will not discuss
detection of disease and also reduce the number of falseand review the numerous possibilities of genetic analysis for
positive or negative results. Better classification of patients risk assessment or the use of transcriptomics. The rapidly
will also diminish the number of subjects that need to be developing area of bioinformatics can also not be accommo-
enrolled in clinical trials in order to reach statistically sig- dated in this review. For these topics, the reader is referred
nificant levels. Most importantly, it is hoped that a more fo- to the following overviews and publications [1-4].
cused diagnosis will lead to better therapies as well as to
earlier intervention.
Successful drug discovery and development relies on mea-2. Methodological approaches
surable criteria to assess efficacy and safety. Such criteria
are presently often based on rather complex readouts that Most diagnostic tests are based on blood or urine analyses.
are not directly related to the mechanism of action of the In exceptional cases (e.g. breast cancer, medulloblastoma)
respective drug candidate. For example, assessing the efthe analysis of other, less accessible, body fluids is consid-
fectiveness of a protease inhibitor for chronic obstructive ered such as cerebrospinal fluid (CSF). Blood derivatives
pulmonary disease (COPD) may be assessed by followingsuch as plasma or serum are often used as starting materials
its effect on the forced expiratory volume after one second for analysis. In the case of biomarker discovery, it is crit-
(FEV1), a parameter, though relevant it is, which may only ical that well-controlled extensive sample collections from
show a response after many years of treatment. This is onepatients and controls are available, which is often the case
of the reasons why research-intensive pharmaceutical com-at major medical centers. However, most of these samples
panies invest in the discovery of better biomarkers to speedwere not taken with a proteomics perspective in mind but
up clinical development and to increase the success rate ofrather with a view of analyzing established biochemical pa-
preclinical research. rameters. Therefore, the first step in setting up a biomarker
Most of the recent biomarker research has focused ondiscovery program is to critically evaluate the quality of the
various forms of cancer. Cancer refers to a range of dis- available samples and to get a complete record of their his-
eases characterized by uncontrolled growth of tissue. Can-tory including the conditions of sampling, transportation,
cers can be classified based on their location or origin or pre-treatment (e.g. coagulation) and storage. This will de-
based on the underlying molecular mechanisms of growth. termine the criteria to include and exclude samples based on
Recently, modern biomolecular, analytical techniques have technical as well as clinical parameters.
emerged that promise to improve cancer diagnosis, classi- Any methodological approach to biomarker discovery
fication, prognosis, and follow-up of therapy and eventu- starting with body fluids can be divided into the following
ally raise possibilities for individual treatment. All molec- “unit operations”:
ular analytical methods are based on the assumption that a : : .
. : ) . e Sample banking (e.g. number and size of aliquots, storage
growing cancer will affect the physiology of the organism conditions)
to such an extend that measurable changes will result and ' e
) L e Sample pretreatment (e.g. clarification, removal of
thus allow the detection of markers. A presumption is that . . . .
these changes will result in the active or passive secretion h|gh—abyndance proFelns, prefractllonatlon).
. . . . e Separation of proteins and peptides (e.g. HPLC, elec-
of marker proteins or peptides into body fluids. Marker de- trophoresis)
tection and correlation with tumor growth will be easier for Identificatioﬁ of the separated proteins or peptides (e
advanced tumors but the true value of novel methods lies® P P pep eg.

rather in early tumor diagnosis, where successful therapy is. g]:rsns 2?;?\:;032:205”6“ sis (e.g. based on quantitative
still possible. Thus biomarker discovery in cancer has the P y 9. q

following principle goals: read-outs and pattern comparisons). o
e Database development and standardization.

e Early diagnosis for risk assessment to aid in tumor pre-
vention.

e Early diagnosis that may allow timely therapeutic inter-
vention and cure.

¢ Reliability; to avoid false positive and negative results in
a most acceptable way.

e Follow-up on anti-cancer therapy, specifically the question
of tumor relapse.

e Better classification of tumors based on molecular markers
allowing a more targeted therapy.

In proteomics of body fluids there are two principally
different philosophies dependent on whether the proteins
are separated as such followed by proteolytic digestion or
whether the whole mixture of proteins in a fluid is digested
followed by separation and identification. An example of
the “digestion” approach has been used for biomarker pro-
filing in urine [86]. Separating proteins prior to digestion
requires methods that work well for complete proteins,
such as 2-dimensional gel electrophoresis (2DE), albeit that
even this method is not able to display the complete pro-

In the following review we will focus on the use of mod- teome present in a biological sample such as a body fluid
ern analytical techniques, specifically those involving chro- and is biased to the high abundant proteins [5]. Proteins
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larger than 200 and smaller than 10kDa are excluded in 2.1. Two-dimensional gel electrophoresis (2DE)
most 2DE gels. Limited solubility and extremely acidic
and alkaline isoelectric points are further characteristics of In proteomics, 2DE is still the cornerstone separation
proteins that are not observed on 2DE gels. Also the con-technique for complex protein mixtures although alterna-
centration range observed in body fluids (six- to nine-orders tives based on LC-MS and protein arrays are advancing
of magnitude) cannot be covered by this technique. Dif- to complement this method. An advantage of 2DE lies in
ferent solutions have been developed to optimize the re-its separation power and the possibility to appreciate di-
producibility of 2DE. For instance differential imaging gel rectly post-translational modifications. Applications of 2DE
electrophoresis (2DE DIGE) uses the possibility to ana- to clinical biomarker studies are rare due to the fact that the
lyze two samples in one gel by using different fluorescent methodology is not well suited to analyzing large series of
tags [6,7]. However, 2DE remains a low throughput tech- samples, as it is quite work intensive especially considering
nigue and full automation of 2DE is still not commercially the image analysis part. While powerful software is avail-
available. able for image comparison and clustering, this step requires
Approaches based on chromatographic separations gensignificant operator intervention and experience partly due
erally require prior digestion of the proteins in a given to the limited reproducibility of 2DE gels. Recent develop-
sample to render them amenable to HPLC, especially if ments to differentially label samples and to run them on the
reversed-phase is the method of choice. Even though samplesame gel partially eliminates these problems but it involves
complexity is vastly increased, there is an increasing num- a chemical derivatization step, which is not obvious to per-
ber of reports on the comprehensive analysis of microbial form in mixtures containing possibly thousands of proteins
proteomes using this so-called shotgun strategy [8—14]. To[6]. At the end, proteins that are considered to be of rele-
reduce complexity and to avoid overloading of the analytical vance as biomarkers are identified mostly on an extra prepar-
system, some approaches deliberately eliminate most of theative gel according to standard proteomics protocols based
proteins, by for example, concentrating on the lower molec- on proteolytic digestion and mass spectrometry.
ular weight fraction. This facilitates to focus HPLC analysis  Despite the fact that the approach is work intensive, a
specifically on the range of small proteins to peptides, a frac- number of groups have performed comparative studies over
tion that is also of interest for biomarker studies [15-20]. the years and discovered some putative biomarkers [41-43].
Mass spectrometry is generally the method of choice for However, many tissue samples need to be analyzed and
protein and peptide identification. High resolution, high ac- compared to validate proteins that are differentially reg-
curacy mass spectrometers such as the Fourier-transformulated and that may be used as biomarkers. These initial
(FT)-MS technique described later, promise to extend the findings have to be confirmed by specific immunodetection
possibilities of this method for biomarker discovery. Al- techniques both on 2DE gels and possibly by histochem-
though its combination with efficient separation systems is istry. Although tedious and slow, it may be argued that 2DE
in its beginnings, there are initial results that hold promise has still a strong place in tissue and cell culture analysis
[21-23]. (Fig. 2), since liquid chromatography techniques are not
Alternatively, there are methodologies that use highly se- highly adapted to separating complete protein mixtures.
lective molecular interactions to probe the proteome by, for However, with the advent of integrated multi-dimensional
example, immobilizing a range of antibodies on an array, chromatographic approaches of proteolytically digested
very much like the well-known DNA or oligonucleotide protein mixtures followed by on-line mass spectrometry
arrays. Using such a method on a proteome-wide compre-and efficient data handling, this picture is changing rapidly
hensive scale requires, however, that there should be arf44,85,86]. Application of 2 DE gels to biofluids such as
antibody against each protein present in the sample and thaplasma, serum or urine, the major sources of diagnostic
these antibodies need to be highly specific. These require-markers in the clinic, is less favorable due to the enor-
ments are presently not always met despite major advancesnous dynamic range of protein concentrations that needs
in antibody and array technology [24—-28]. Combining to be covered (approximately nine-orders of magnitude)
molecular interactions on an array with mass spectrometric and the inherent advantage of liquid-based separations for
detection is a recent addition to the methodological toolbox soluble proteins. Furthermore, LC can easily reach into the
especially adapted to the rapid screening of clinical sampleslow-molecular weight protein and peptide range, an area
for biomarker discovery [29-40]. While highly adapted and that is largely inaccessible to standard 2DE gels.
flexible to the treatment of biological fluids, this method
suffers from a lack of identification capacity. The combina- 2.2. Liquid-chromatography mass spectrometry (LC-MS)
tion of this methodology with mass spectrometers of higher
performance (resolution, accuracy, MS/MS capability) may LC-MS is a versatile combination of a commonly used
overcome this limitation. separation technology and mass spectrometry, a powerful
In the following, we will describe a selected range of identification tool not only for proteins. LC-MS is primarily
methodologies in more detail with special reference to their performed in the reversed-phase mode, since the mobile
applications for biomarker discovery. phase is directly compatible with the requirements for



R. Bischoff, T.M. Luider / J. Chromatogr. B 803 (2004) 27-40 31

(A) Mr | — —=
(kDa) -
-” ;
75 4 - .- 2 ]
O g
-@
50 |
e
| R
| @ .
37
| i®
i
25 | 4
| , L] -
|
L] . .
' |
| |
pH 3 5 6 6.8
(B) + vehicle + InM R1881, 24h +10nM testosterone, 24h
. . .
@ e y L)
b c d b -
@ © @ @ ‘@ dg | ®b (e dol
@ b 7 c
1 1291 @ 12ePp ©
20 22 @ 2b®

Fig. 2. Androgen-regulated proteins are of particular interest in prostate cancer treatment. By 2DE and MALDI-TOF analysis androgen-réfeted prote
were identified in a cell culture model (MDVD A6) using testosterone, R1881 (a synthetic androgen) and a control vehicle (ethanol) as stimuli,
respectively. In panel A the Coomassie brilliant blue stained proteins are shown of cells stimulated with the control vehicle. In the boxed pgett of the
differentially displayed post-translationally modified proteins were identified (panel B) as a function of the synthetic androgen and te¢igstaratiz

1c: CarG-binding factor-A in different post-translational modified forms (PTM) and 2, 2a, 2b: PTM of mElfin ) (courtesy of Dr. Arzu Umar, from [84]).

ionization at atmospheric pressure. While LC-MS has found [8-14,85,86]. In a large-scale analysis of the yeast pro-
widespread use in the analysis of peptides from natural teome by the so-called MudPIT approach it was possible to
sources or generated by proteolytic digestion of larger pro- identify 1484 proteins [13]. Even the low-abundance pro-
teins, it is not very suitable for analyzing proteins directly. teins could be analyzed by this method. A dynamic range
First of all proteins tend to denature under reversed-phaseof four-orders of magnitude could be reached in the expres-
conditions (low pH and high organic solvent concentra- sion level of the proteins present [14]. However, it might
tions) making their quantitative elution rather difficult and be that the order of 1000 proteins in a biofluid is still an
second measuring the molecular mass of a whole proteinunderestimate, especially if one includes possible splicing
is not sufficient for its unambiguous identification. For this variants and post-translational modifications. This indicates
approach to be successful, it is thus necessary to digest althat analysis of such complex mixtures will likely remain a
of the proteins in a sample and to perform the separation atchallenge for some time to come no matter which analytical
the peptide level. While analyzing biofluids directly without approach is taken. Comprehensive methods, such as 2DE
prior digestion is a definitive option in biomarker discovery, or LC-LC-MS are generally rather time-consuming making
prior digestion gives access to the higher molecular weight them more suitable for initial discovery efforts then for
proteins, however, at the expense of rendering the mix- larger clinical validation studies. In the end, it may not be
ture much more complex. Assuming that a given biofluid necessary to visualize every low-abundance protein in order
contains 1000 proteins and that each protein will give rise to find significant differences that lead to novel markers.

to 50 proteolytic fragments, we are talking about separat- As many reports in the literature have shown, there is still
ing 50,000 peptides, a goal that can only be approacheda lot of information in the lower molecular weight fraction of
by multidimensional protein identification technologies biological samples such as serum or urine. Serum or plasma
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may be divided into a high- and a low-molecular weight their physico-chemical properties and their molecular mass.
fraction by ultrafiltration or size-exclusion chromatography. Insights given by chromatography such as hydrophobicity or
Nevertheless, even after ultrafiltration at a cut-off of 10 kDa charge of the analytes may provide additional information
there is still a considerable amount of albumin left in urine that can help in sample comparisons. This additional infor-
or in ultrafiltered serum, since the exclusion limits depend mation is, however, presently not systematically used [52].
on a distribution of pore sizes, which has a certain spread. A
combination of size exclusion with adsorptive chromatogra- 2.3. Fourier-transform mass spectrometry (FT-MS)
phy is the so-called restricted access chromatography [45].
In this case, only proteins and peptides below a certain size New developments in mass spectrometry are contin-
have access to the inner pore surface of the stationary phaseously enhancing our possibilities for protein analysis.
and are thus retained while the larger proteins encounterFourier-transform-MS (FT-MS) technology provides unsur-
only the hydrophilic, non-adsorptive outer surface and are passed resolution to derive structural information of large
found in the flow-through. Restricted access materials havebiomolecules in complex protein mixtures [53-55]. For
found widespread use in the analysis of drug metabolitesthe identification of low-level proteins after digestion into
and other low-molecular weight compounds but have only peptides, sensitivities in the low attomole ranges can be
recently been rediscovered for proteomics applications. achieved using advanced FT-MS technology. In selected
In an example of applying restricted access chromatogra-cases these sensitivities can be achieved using so called
phy to the analysis of hemofiltrate, a biofluid that is com- dynamic range enhancement applied to MS (DREAMS)
parable to urine, it was shown that the sample preparation[56] combined with LC columns with bore diameters of
step could be performed in-line with the subsequent chro- 15um operated at relatively high pressure (10,000 psi)
matographic separations [46] (Fig. 3). In conjunction with [57].
a two-dimensional chromatographic separation system this FT-MS has a unique specification on resolution (a resolu-
allowed to reach a peak capacity of about 5000, a numbertion of 100,000 or more can be achieved) and accuracies can
that is comparable to the number of spots obtained on abe as good as 1 ppm (both depending on the magnetic field
highly optimized 2DE gel for proteins. Such high-resolution, strength). The high resolution, accuracy, the possibility of
multi-dimensional systems promise to provide the method- de-novo sequencing and the high sensitivity give mass spec-
ological means for biomarker discovery in combination with trometrists the ability to perform specific searches on pep-
modern mass spectrometers and data analysis software. tide mixtures obtained from small clinical samples (biopsies,
Most biofluids contain large amounts of well-known pro- laser dissected parts of frozen tissue sections, and biofluids).
teins such as albumin and IgGs, which overwhelm the an- Recent developments show the highly intriguing possibility
alytical system and may make the detection of the lower to identify and to quantify hundreds to a few thousands of
abundance proteins and peptides very difficult. It is thus ad- different proteins in one sample [62].
vantageous to remove these proteins prior to digestion and Latest developments show that because of the unrivaled
separation. Next to the already described approaches thatesolution and accuracy of FT-MS it is possible to cover
are based on size, there are alternative ways to reducingd0% of the potentially expressed proteins by the human
the overall protein load by specific adsorption of albumin genome with LC/FT-MS and to unravel more than 70%
and IgG to affinity matrices [47-51]. While no affinity ma- of the potentially expressed proteins in the microorganism,
trix is absolutely specific there are degrees of specificity Deinococcus radiodurang6,58]. In addition, information
between highly selective immunoaffinity matrices and less is obtained about the relative amounts of the different pep-
selective but more robust affinity supports using synthetic tides observed using different methods to quantify alterations
ligands. In an effort to reduce the amount of albumin from in protein expression by stable-isotope labeling techniques
human serum, we have evaluated a number of affinity matri- [59-61,87-92].
ces based on antibodies or dye ligands. As shown in Fig. 4 By FT-MS it was also possible to identify intact pro-
antibody-mediated albumin removal is efficient (Fig. 4A) teins in complex assemblies, for example 42 of the 43
and selective (Fig. 4B). Dye ligand chromatography, a tech- core large ribosomal subunit proteins and 58 (of 64 pos-
nigue that is extensively used in protein chromatography, is sible) core large subunit protein isoforms were identified
surprisingly effective as well with higher binding capacities in a single analysis [63]. The option of having a MALDI
and a longer column lifetime, however, at the expense of external source present in the newest commercially avail-
selectivity. able FT-MS machines will open possibilities for analyz-
Application of LC-MS to biomarker discovery is not yet ing arrays and SELDI protein and peptide chips possi-
very widespread partly because the method generates largbly allowing high-throughput, high-accuracy biomarker
and highly complex data sets that require powerful algo- discovery.
rithms and software tools to handle and analyze them. How- The technology of profiling and direct identification
ever, these challenges are being tackled so that LC-MS will of proteins by using accurate mass and time tags of
likely find more use in the future. LC-MS generates infor- peptides in complex mixtures of proteins is rather new
mation about the components in a sample both in terms ofand until now only successful for micro-organisms. The
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Fig. 4. Efficiency (A) and selectivity (B) of albumin removal from human serum using an anti-albumin immunoaffinity column: (A) extracted ion
chromatogram ofn/z = 5753 (doubly-charged molecular ion of peptide LVNEVTEFAK; positions 41-50 in human serum albumin) of tryptic digests
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peak height % x 10°). (B) Extracted ion chromatogram af/z = 3933 (doubly-charged molecular ion of peptide IVDLVK; positions 193-198 in
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Fig. 5. Schematic view on the use of LC-MS for the discovery of biomarkers in biofluids. The flowchart shows the processing, separation and, analysis
of the body fluid samples as well as some of the subsequent mathematical data analysis tools (not reviewed in this article). The eventual comparison and
extraction of information is an essential step in the whole process.

possibilities to develop databases with accurate mass tagrimary brain tumor patients. The high accuracy and res-
for eukaryotic organisms is a future possibility with high olution of this technology allows to identify peptides and
potential for inter-laboratory biomarker discovery. Because Proteins that relate to the primary brain tumor and peptides
of the higher complexity of these organisms more effort that are present in the control and the tumor samples just
ought to be placed on prefractionation, data handling and Py comparison of the MS spectra. It is to be expected that
the building of large, accessible databases (Fig. 5). In Fig. 6, FT-MS will find further use in biomarker research as com-
nanoLC-FT-MS has been used for a comparison of peptide mercial instruments become accessible to the wider research
mixtures obtained from cerebrospinal fluid from control and community.
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absent in the control sample (arrows).
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Fig. 7. SELDI protein chip principle: the chips have various surface chemistries so that specific fractions of proteins or peptides bind (Ciphergen
Biosystems, Fremont, USA). Molecules that do not bind are removed by washing. After washing a matrix is added and the bound fraction is analysed

in a linear TOF mass spectrometer.

2.4. Surface enhanced laser desorption ionization-time of to clinical parameters using dedicated software [64,65].
flight (SELDI-TOF) mass spectrometry In this respect, the reliability and reproducibility of the
chip and measurement system are of paramount essence.
Surface-enhanced laser desorption ionization-time of In Fig. 8, an identical serum sample is measured twice on
flight mass spectrometry (SELDI-TOF-MS) is an approach three different chip-strips with the same surface chemistry.
that tries to overcome the requirement for purification and One can appreciate the reproducibility on one strip of chips,
separation of proteins prior to mass spectrometry analysis.however, when measuring the same sample on another
SELDI-TOF employs a variety of selective chips on which chip-strip of the same lot number differences are observed
complex bio-materials (e.g. body fluids, cell extracts) can (compare graphs A- B and C+ D with graphs E+ F in
be spotted (Fig. 7). Each of the different chip surfaces will Fig. 8). In general a coefficient of variation (CV) of 8-10%
retain a subset of proteins that are subsequently analyzedught to be achievable with this kind of technique but in
by a linear TOF mass spectrometer to determine specificsome studies a much higher CV is noted. This indicates
and significant pattern changes amongst samples. If specifidhat reproducibility of the surface chemistry may still be
changes in the expression levels of certain molecules arean unresolved issue with SELDI and that care needs to be
observed, the nature of these molecules may be determinedaken to check for reproducibility and repeatability [66].
by mass spectrometers with MS/MS capability. This can The lack of direct marker identification is a drawback of
be performed in different ways: (a) the proteins of interest present day SELDI-TOF technology. To overcome this lim-
are biochemically enriched and purified off line using the itation, we evaluated the possibility to digest proteins bound
knowledge of binding of the protein of interest to the spe- to the chip. After washing, a specific fraction of peptides
cific chip surfaces or (b) proteins bound to the chip surface remains bound to the chip, which can be sequenced using
are in situ digested, the obtained peptide profiles comparedfor instance a hybrid tandem mass spectrometer with an
and the peptides of interest directly sequenced by MS/MS external MALDI source (for review see [67]). Although the
after precursor ion selection. By consequence SELDI-TOF spectra are quite similar, small differences can be observed
allows to compare hundreds to thousands of proteins in abetween identical samples processed in the same way in-
microliter of serum or tissue extract and to process samplesdicating that further optimization is needed (Fig. 9). Once
rapidly. This has enabled researchers to generate proteirpeaks are selected and sequenced that distinguish, for ex-
profiles and to depict protein-peaks of interest on a much ample, normal from diseased, one can use these markers in
smaller scale. The strength of the MS protein profiles is not further validation studies. Recently, developed tandem MS
the direct protein identification, but the potential to first link technology in conjunction with MALDI is of great interest
the presence or height of multiple individual protein peaks in this respect [68—70].
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Fig. 8. SELDI protein chip reproducibility: a high interchip-reproducibility is essential for biomarker search by SELDI. In the figure the réepityduci

of an identical serum sample is shown on three separate chips of the same batch measured on the same day with identical wash buffers and an identical
matrix compound in duplicate. The intrachip-reproducibility on the three chips (A and B) (C and D) and (E and F) is much better than the inter-chip
reproducibility (e.g. A and E).

Linking protein patterns to disease has been successfullyial to correlate observed protein patterns with the purified
accomplished for ovarian cancer, breast cancer, prostate canproteins.
cer and astrocytoma without identifying the respective mark-
ers in every case [71-74]. Ovarian cancer was diagnosed
with a sensitivity/specificity of 100%/95%, and 83%/97%, 3. Final remarks
respectively [74]. Although comments are raised concerning
the claim that population-wide screening can be performed Diagnostic and prognostic assays must be cost-effective,
with this technique [75], at present, there is no single di- reproducible, and uncomplicated. The DNA microarray
agnostic assay for these cancers with such a discriminatorytechnology, for example, is rather complex and still expen-
power. An important feature is the fact that the SELDI-TOF sive and therefore will less likely become a standard assay
MS analyses were performed on serum, an easily accessiblén diagnostic laboratories. The available patient-derived
body fluid. A strategy combining surface-mediated protein materials will also enforce restrictions on this type of as-
enrichment with direct mass spectrometric quantification says [76]. From all technologies currently available, mass
and identification of the putative biomarkers appears to be spectrometry on serum to generate complex protein pro-
a promising way for the future even though it is not triv- files for diagnostic and prognostic evaluation, seems a
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Fig. 9. Generation of peptide maps of proteins adsorbed to a SELDI chip: proteins bound to chips are digested in situ on the chip and the products
measured directly in a MALDI-TOF mass spectrometer with the capability of isotopic resolution. Using the MS/MS capability of modern TOF/TOF
instruments selected peptides can be sequenced and identified. The graphs shown are five measurements of one sample on three chips of the same b
measured under identical circumstances (one representative analysis is shown).

promising development for clinical implementation. A 1h, the protein array technology. While generating molecular
simple and relatively cost-effective assay on the easily ac- diversity to provide a wide range of interaction partners has
cessible serum, could become a valuable tool to reliably made great strides in recent years especially based on phage
diagnose patients, predict disease outcome, and advise omlisplay technologies [77—83,93], protein array technology is
patient-tailored treatment regiments provided that technical still in its infancy. Bottlenecks are the stability of proteins,
hurdles are overcome and standardization is achieved. the numerous different interactions that can occur in com-
New developments in mass spectrometry (improved sen-plex protein mixtures, and the very high sensitivity needed
sitivity, accuracy, resolution, and relative quantification) and to analyze these protein interactions, for example in a mass
their application in medical research are evolving rapidly. spectrometer.
The trend in biomarker discovery is to analyze complex pro-  In this review a number of technical approaches have
tein and peptide mixtures. The analysis can be limited just been outlined that promise to discover novel biomarkers
to a profile or more advanced to the identification and rela- to diagnose disease earlier and to follow up on therapeu-
tive quantification of large series of proteins in one sample. tic interventions. Biomarker research is high on the agenda
In the nearby future these possibilities will be used not only of many research groups and especially the pharmaceuti-
for research aims but will likely also be applied in med- cal industry. Nevertheless, the timeframe to get to validated
ical care. Detection in mass spectrometry can be fast andbiomarkers should not be underestimated and all of those
provide structural information that allows identification, if involved will need staying power to succeed. Major ad-
necessary. This high information content may be combined vances in analytical chemistry will only lead to benefits for
with the strength of highly specific molecular interactions patients if it can be integrated with medical science and
(e.g. immunoassays) to open further possibilities to develop bioinformatics.
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