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Abstract
A multidimensional chromatographic method is presented which is adapted for
fractionation of body fluids for proteomic analysis and biomarker search.
This method combines native size exclusion (SEC, first dimension, 1D),
followed by anion exchange (AEC, 2D) and lectin affinity (LAC, 3D)
chromatography. After serial 1D-fractionation, all further procedures are
performed in microplate format. Thus, beginning with 2D-fractionation,
parallelization and automation is achieved for separation, spectrophotometric
readout, temporary storage, hit picking, medium exchange, digest, desalting, and
finally storage within an autosampler of LC-MS.
The central unit is an automated workstation enabling automated
multichannel pipetting and robotic handling of microplates, reservoirs, and
column arrays. The whole fractionation process, hit picking and analytics are
controlled by adapted software packages. Some tools and tricks have been
developed in order to improve sample preparation between fractionation steps,
such as for medium exchange and desalting, re-concentration, and readout in
microplates. Per working day, four serial 1D-runs or four synchronic 2D-runs can
be performed including spectrophotometric readout. Thus, up to four samples
may be processed comparably (1D) or in parallel (2D) within two days.
Thereafter the majority of fractions are run through tryptic digest and mass spec;
the few highly complex fractions remaining must be further separated by LAC
before digest.
Using commercially available columns (1D), the protein input of samples is
scalable from 2 to more than 100 mg and from 2 to 1000 kDa molecular weights.
Globally, protein recoveries based on UV measurements from the corresponding
load are 93.7 ± 2.7, 97.1 ± 11.2, and 88.8 ± 3.6% and best precisions are 3.3, 3.8,
and 5.1% CV with 1D-, 2D-, and 3D-fractionation, respectively.
For process control and all-round analytics, a new software tool was
developed accompanying the whole fractionation process. Its automatic
interfaces collect entire data sets available including sample specification,
location, and readout data of all fractions and identified proteins into a central
data warehouse. Thus, immediate data access, comparison, and visualization in
versatile charts and reports are possible.
Besides automation, this method has several advantages: high proteome
coverage, flexible dynamic range with respect to molecular weight and sample
amount, optional enzymatic and immunological analytics additional to mass
spectrometry. Without exception, all intrinsic components and information are
preserved after fractionation, including natural complex formation,
fragmentation, and biological activities.
Such information is beneficial for comprehensive profiling, for biomarker
search, as well as for efficient evaluation.
Preliminary applications show versatility with profiling plasma proteomes of
humans, cattle, goat and mouse, and human cerebrospinal fluid (CSF). E.g., with
two human plasma samples, 3166 and 816 non-redundant proteins could be
identified supported by ≥1 and ≥2 peptides, respectively.
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Applying this method to biomarker search yields candidate markers that
have already been validated in severe inflammation and Alport syndrome.
Further application in neurodegenerative diseases and Psoriatic arthritis identifies
huge numbers of altered proteins in CSF and plasma, respectively, which may
present promising candidates for evaluation.

Abbreviations
AEC
ALS
AUC
ConA
CSF
CV
DEAE
EDTA
GlcNAc
IEF
LAC
α-MMP
SBS
SEC
WGA

anion exchange chromatography
Amyotrophic lateral sclerosis
area under the curve(s)
concanavalin A
cerebrospinal fluid
coefficient of variation
diethylaminoethylethylenediaminetetraacetic acid
N-acetyl-D-glucosamine
isoelectric focusing
lectin affinity chromatography
methyl α-D-mannopyranoside
Society for Biomolecular Sciences
size exclusion chromatography
wheat germ agglutinin

1. Introduction
Proteomic techniques including biomarker discovery require considerable
sample fractionation before mass spectrometric readout. These procedures are of
notable complexity, enormous procedure numbers and manual labor.
To date the biomarker output passing through strict quantitative evaluation is
unexpectedly, but noticeably low. In our opinion, this may result from two main
possibilities: a) insufficient comprehensiveness and b) insufficient overall
reproducibility of the used method combinations. This yields unreliable candidate
markers. Unfortunately, both comprehensiveness and reproducibility and
therefore resolution seem to exclude each other with some of the current
methodologies. Thus, proteomic procedures need in particular analytical quality
validation, as recently estimated [1].
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One approach that could minimize manual labor and overall imprecision is
parallelization of all procedures with maximal automation. Such endeavors begin
with intelligent selection of fractionation and preparation principles that could be
parallelized and automated, and that also cover the whole proteomes considered.
Here we present the current state of our multidimensional chromatographic
method, which is adapted to fractionation of body fluids for proteomic analysis
and biomarker search.
Over years this method has being developed, iteratively optimized, and
already applied to biomarker search [2-7]. This method combines native size
exclusion (SEC, first dimension, 1D), followed by anion exchange (AEC, 2D) and
lectin affinity (LAC, 3D) chromatography. After serial 1D-fractionation, further
procedures are performed in compatibility with microplate format. Thus,
beginning with 2D-fractionation, consequent parallelization and automation is
now achieved.
Besides automation, this method has several advantages: high proteome
coverage, flexible dynamic range with respect to molecular weight and sample
amount, optional enzymatic and immunological analytics additional to mass
spectrometry. Without exception, all intrinsic components and information are
preserved after fractionation, including natural complex formation, fragmentation,
and biological activities.

2. FractionationOverviewand Methods
2.1. Overview
Principally, this method combines three native separation principles, 1D-SEC,
followed by 2D-AEC and 3D-LAC. After fractionation, the whole sample content
resides in several hundred liquid fractions of characteristic mixtures in microplate
wells (Scheme 1).

Advantages
This combination of chromatographic methods is scalable with respect to
molecular weight of constituents and starting protein amount and thus, adaptable
to various sample types. The first step determines capacity. Here, commercially
available columns, chromatographic systems and fractionation devices may be
used that sort fractions into microplate format. Since all constituents remain in
solution, liquid handling techniques may be applied throughout and therefore all
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techniques that have been developed to SBS standardized format. Thus, the
microplate format is a precondition for standardization, parallelization and
automation.
Additional to mass spectrometry, optional spectrophotometric, enzymatic and
immunological analytics may be applied. Moreover, non-protein constituents are
retained and may be analyzed too [2]. Along the way, an identified protein or
biomarker is characterized by its location within the three-dimensional
distribution space and refers attributes of native molecular weight, complex
formation, fragmentation, modification, charge, and glycosylation. Since total
protein yield may be controlled and any depletion is avoided the proteomes are
practically covered entirely.

Scheme 1.

Drawbacks
With protein separation each chromatographic step results in dilution.
Depending on sensitivity and volume requirements of analytics, re-concentration
may be attained with e.g. MD100 (see section 3.2., this chapter). The automated
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workstation is prototypically assembled and installed. Columns and column arrays
are hand- and self-made tools and are still not available commercially.

2.2. 1D-Fractionation by Size Exclusion Chromatography
1D-fractionation and analysis of the fractions from blood-derived samples
were performed as described previously [2, 4]. Briefly, samples were separated on
Superdex™ 200 columns (GE Healthcare, Munich, Germany) controlled by an
Äkta purifier™ system (GE Healthcare). After the void volume, 48 to 96 fractions
were collected into 96-well microplates or chilled 96-well deep well plates.
Column calibration was performed using thyroglobulin (669 kDa), ferritin
(440kDa), catalase (232 kDa), BSA (67 kDa), Chymotrypsin (25 kDa) and RNase
(13.7 kDa).
The percentage of peptide fractions was calculated by Unicorn™ software (GE
Healthcare) using areas under the curves (AUC) at 280 nm.
Column size depends on sample type and protein amount.
Maxi version: With human, bovine and goat serum or plasma, and pooled and
concentrated cerebrospinal fluid (CSF), 1 mL of samples was injected (sample
content: 0.5-0.9 mL, 20-120 mg total protein) and separated on a
HiLoadSuperdex™ 200 column (16/60, GE Healthcare). To fractionate serum and
pooled and concentrated CSF, 10 mMTris-HCl (Merck KGaA, Darmstadt,
Germany, 1.08382.2500) was used as an elution buffer containing 150 mM NaCl
(pH 7.4). For EDTA plasma separation, 1 mM EDTA (Sigma-Aldrich,
Taufkirchen, Germany, E-9884) was added to prevent coagulation on the column.
The running temperature was 20°C. After the void volume of 37 mL, 96 fractions
of 0.5 - 1 mL were collected using a flow rate of 1 mL/min.
Midi version: With individual mouse serum, 100 µL of pooled samples were
separated on a Superdex™ 200 GL column (10/300, GE Healthcare) in
10 mM Tris-HCl including 150 mM NaCl (pH 7.4) at 20 °C. Here a sample
content of 50-100 µL corresponding to 3-14 mg total protein was applied. After
the void volume of 6 mL, 96 fractions of 250 µL were collected using a flow rate
of 350µL/min.
Mini version: With mouse serum or concentrated CSF (Vivaspin 6, GE
Healthcare, MWCO 5 kDa, 28-9322-94) 12.5 µL were separated on a Superdex™
200 GL column (5/150, GE Healthcare) in 10 mM Tris-HCl including 150 mM
NaCl (pH 7.4) at 20 °C. Here samples of 100µL corresponding to 0.2-1.5 mg total
protein were applied. After the void volume of 1 mL, 48 fractions of 50 µL were
collected into microplates using a flow rate of 50 µL/min.
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2.3. 2D-Fractionation by Anion Exchange Chromatography
2D-fractionation was performed as described previously using self-made
micro columns stacked into microplate format (see section 3.1., this chapter).
Previously, many separations have been done with one or two arrays of micro
columns containing 300 µL DEAE-cellulose [2, 4, 5, 8]. Currently, modifications
were introduced to improve resin stability, resolution, precision and throughput: i)
separation matrix was 100 µL Toyopearl DEAE-650M (Tosoh Bioscience GmbH,
Stuttgart, Germany) instead of DEAE cellulose; ii) consequently, a slightly
different elution protocol (see Table 1, [7]) was used, and iii) up to four samples
were processed simultaneously to obtain best reproducibility (see sections 4 and 6,
this chapter).
Table 1. 2D-AEC: elution protocol
Elution step

No. of
microplate

0-2

1

3-6
7-10
11-14
15-18
19-22
23-26
27-30
31-34
35-38
39-42

2
3
4
5
6
7
8
9
10
11

Sample
dialyzed 1Dfractions
buffer 1
buffer 2
buffer 3
buffer 4
buffer 5
buffer 6
buffer 7
buffer 8
buffer 9
buffer 10

NaCl
(mM)

pH

n-propanol
(%, v/v)

25
40
50
75
100
125
125
175
225
500

7.4
-

7.2
20

All liquids contained 10 mM Tris/HCl, additives according to column 4 and 6, and an adjusted
pH value according to column 5.

Thus, a step-wise gradient with increasing ionic strength and decreasing pH is
produced, and is terminated by a medium containing an organic solvent. With
each step 95 µL of the sample, i.e., 1D-fraction or buffer solution, were applied to
micro columns using a CyBi-Well™ (CyBio AG, Jena, Germany) with 96
channels. The effluents of three (2D-fractions 0-2) and four (2D-fractions 3-42)
steps were each collected within the wells of one 384-well UV-Star microplate
each (Greiner Bio-One GmbH, Frickenhausen, Germany, 781801), altogether
eleven plates. Prior to collection, 10 µL of the respective elution buffer were
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placed into empty wells using a CyBi-Well™ with 384 channels (CyBio AG) in
order to facilitate flow. The step´s number corresponds to the number of the eluted
2D-fraction.

2.4. 3D-Fractionation by Lectin Affinity Chromatography
2.4.1. Immobilizationof Lectins
Since no suitable lectin affinity resin was available, the following materials
and methods were selected for coupling (principle, see Figure 1). Toyopearls AFTresyl 650M (Tosoh Bioscience GmbH) are characterized by high stability
(methacrylic polymer), fast free flow-through due to particle size (40-90 µm) and
high binding capacity (tresyl group density 80 µmol/g dry resin, protein binding
capacity 87 mg/g gel). The coupling procedure was performed with slight
modifications according to the instructions of the supplier and to [9].
At first the dried powder was soaked with the 13-fold amount of water (w/v)
for at least 40 min at room temperature. After washing 3 times on a funnel with
coupling buffer (0.5 M Na-phosphate, 0.1 M NaCl, pH 8.0), the wet resin slurry
was mixed with lectin solution (5 mg/mL, 1/3: Toyopearls/lectin solution, v/v).
To protect the binding sites during immobilization lectins were solved in coupling
buffer containing the 50-fold molar excess of a sugar. For coupling of
Concanavalin A (ConA, Sigma-Aldrich, C7275), methyl α-D-mannopyranoside
(α-MMP, Sigma Aldrich, M6882) and for wheat germ agglutinin (WGA, SigmaAldrich, L9640), N-Acetyl-D-glucosamine (GlcNAc, Carl Roth GmbH + Co.KG,
Karlsruhe, Germany, 8993.1) was used for stabilization.
The reaction was carried out under gentle agitation applying a glass stirrer for
4 h at room temperature. Thereafter, the resins were extensively washed on a
funnel until UV absorbance declined to blank. The unreacted tresyl-groups were
blocked with the 13-fold amount of blocking buffer (0.5 M Tris/HCl, 0.1 M NaCl,
pH 8.0) for 2 h at room temperature (w/v).After this, the resins were washed once
with coupling buffer followed by 3 washes with 3D-storage buffer (= binding
buffer containing 20% (v/v) ethanol (binding buffer: pH 7.4: 20 mM Tris/HCl,
150mM NaCl, 1 mM CaCl2, 1 mM MnCl2)). Affinity resins were stored in storage
buffer (1/3, v/v) at 4°C.
Finally, ConA resin carries 15.7 mg Con A/g and WGA resin 13.0 mg
WGA/g as determined from the difference of protein amounts applied and washed
out using UV absorbance and calibration by BSA.
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Figure 1. Immobilization principle of Con A on Toyopearls AF-Tresyl-650M.

2.4.2. 3D-Separation Conditions
Generally, prior to use, lectin columns (see 2.4.1. and 3.1.2, this chapter) were
equilibrated with binding buffer (20 mM Tris/HCl pH 7.4 containing 150 mM
NaCl, 1 mM CaCl2, and 1 mM MnCl2) and adjusted to one partition of a 384well UV-Star microplate applying an adapter (see Figure 3). After sample
application the columns were washed with binding buffer (I). Thereafter, bound
proteins were successively eluted by 0.5 M α-MMP (II), and 0.2 M GlcNAc
(III) in binding buffer, and by regeneration buffer (IV, 20 mM Tris, 500 mM
NaCl, pH 8.0).
Thus, four different 3D-fractions were produced: I, proteins without affinity
to the lectins; II, proteins containing mannose-rich glycans; III, proteins with
gylcans containing glucose and GlcNAc; and IV, proteins with other
modifications of high affinity to the ligands. The maximum fractional volume is
determined by the capacity of the wells of the microplates used, ~100µL.Since
complete fractional elution needs at least 400 µL, four aliquots (100 µL) of each
3D-faction were produced in microplates. Alternatively, the eluates may be
pooled in vessels with higher volume capacity.

2.5. Readout
With chromatographic fractions in microplates versatile spectrophotometry
analysis may be achieved applying the facilities of reader technologies. With our
studies we used measurements of absorbance at 205, 215, and 280 nm in order to
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quantify protein concentration on different sensitivity levels [10], at 340 nm to
quantify some metabolites such as nucleotides, at 460 nm for determination of
chromophores such as heme and bilirubin, and at 700 nm for the estimation of
blanks and turbidity of each microplate well. Absorbance of aliquots of 1Dfractions (150 µL) and entire 2D- and 3D-fractions were read in UV-Star
microplates using a SpectraMax Plus384 (Molecular Devices, Sunnyvale, CA, US).
Moreover, protein composition may be fluorimetrically characterized, e.g., using
selective fluorescense signals of amino acids, modifications and advanced
glycationendproducts (AGEs) [8]. Fluorescence was read in black microplates
(Greiner Bio-One, No. 655076) using a SpectraMax Gemini (Molecular Devices).

2.6. Digestion
Following this, 75 µL of selected 2D- or 3D-fractions were digested in 96well twin.tec PCR plates (Eppendorf AG, Hamburg, Germany, 0030128.648)
according to [2].
Pooled 3D-fractions were dialyzed against deionized water (MD100, see
section 3.2, this chapter), concentrated (Speedvac, Bachofer GmbH, Reutlingen,
Germany), and dialyzed again against 20mM NH4HCO3 before digestion in order
to diminish sugar concentration and volume. Denaturation was performed with
guanidine-HCl (Fluka, Sigma-Aldrich, 50940), final concentration 2 M) for 20
min at 90°C using a thermocycler (TB1 Thermoblock, Biometra GmbH,
Göttingen, Germany). After cooling down on ice, proteins were reduced by
dithiothreitol (SERVA Electrophoresis GmbH, Heidelberg, Germany, 20710, final
concentration 10 mM) at 37°C for 1 h and S-carboxyaminomethylated with
iodoacetamide (SERVA, 26710, final concentration 50mM) in the dark at room
temperature for 30 min. Salts and reagents were removed by dialysis against 2 L
20 mM NH4HCO3 using MD100 (Scienova GmbH, Jena, Germany) for 1 h (see
section 3.2., this chapter, [11]). Thereafter, proteins were digested by freshly
dissolved bovine trypsin (about 1/40 of the protein content, Sigma-Aldrich,
T1426). Samples were incubated at room temperature for 16-18 h. The reactions
were stopped by formic acid (Merck, 1.00264, final concentration 10 mM) and
samples were stored in microplates at -80°C until analysis by mass spectrometry.

2.7. Mass Spectrometry
Microplates containing digested fractions were re-sealed with a Platesealer
slide (Greiner Bio-One, 676070), slit once per well by a scissor blade, and applied
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to an AccelaTMAutosampler (Thermo Fisher Scientific, Waltham, MA, US).
Liquid chromatographic separation prior to mass spectrometry detection was
performed on a Hypersil Gold UHPLC column ( 50×1.0 mm, 1.9 µm) with an
Accela 1250 UHPLC system (both Thermo Fisher Scientific) using binary
gradient elution of the mobile phase, i.e. 0.1% formic acid in (A) water and in (B)
acetonitrile at a flow rate of 150µL/min, throughout (0-1 min 5% B, 21 min 30%
B, 24 min 40% B, 25-26 min 90% B, 26.1-30 min 5% B). Tandem mass
spectrometry (MS/MS) measurements were carried out on a LTQ Orbitrap
Discovery (Thermo Fisher Scientific) by positive heated electrospray ionization
(H-ESI) at a vaporizer temperature of 200°C. Sheath gas flow (30.0) and auxiliary
gas flow (10.0) were used to dry the ion spray (both nitrogen gas flows in
arbitrary units). The ionization voltage and the temperature of the ion transfer tube
were set to 4.5 kV and to 275°C, respectively. The MS/MS system operated in
data-dependent TOP10 mode using 1 microscan.
For this purpose, ions have been monitored in the LTQ ion trap in full scan
centroid mode at m/z 350-1700. The ten most intensive ions run through collisioninduced dissociation (CID) for further orbitrap high resolution (30,000) analysis
(profile data type). Wideband activation was used. The automatic gain control
target value for the orbitrap mass analyzer in full scan mode was 1.0 x 106. All
measurements were performed with the lock mass option (m/z: 445.120025) for
internal calibration. The LC-MS/MS operated via graphical interface of the
Xcalibur software 2.1. Fractions were run in duplicates. After each duplicate a
blank (i.e., water sample) was applied to avoid carryover. For quality control and
stability check a digest of 10 µM transferrin (human (Holo), SERVA
Electrophoresis GmbH, 36756) was analyzed four times per microplate. Analysis
was done with SIEVE 2.0, Proteome Discoverer 1.3 and Sequest database search
algorithm applying a false discovery rate of <1%.

3. Newly Developed Preparation Tools
3.1. Micro Column Arrays
To date, none of the commercially available columns meet our requirements
regarding sample volumes, binding capacity, flow kinetics, geometry suitable for
384-well microplates, and precision. Thus, columns and column arrays have been
established and optimized by us with the help of the Central Scientific Workshops
of Jena University Hospital.
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3.1.1. 2D-Columns
Solid phase cartridges (prototyped by CyBio AG) were modified with the tips
of pipet tips (Figure2, BRAND GmbHandCo KG, Wertheim, Germany, 702504).
Porous PVC frits [12] were applied to border resins as previously described [4].
Six weak anion exchange matrices with similar particle size (30-75 µm) were
tested for binding capacity, resolution and peak capacity, protein yield, free flow
elution speed, stability, reusability, and precision: ACCELL Plus QMA
(WAT010742) and Oasis WAX (both from Waters GmbH, Eschborn, Germany,
186002502), Toyopearl Giga Cap Q-650M (21854), Giga Cap DEAE-650M
(trade sample), Super Q-650M (43205), and DEAE-650M (43201, all Tosoh
Bioscience GmbH).
Out of these only one, Toyopearl DEAE-650M, showed characteristics
suitable for native 2D-fractionation of plasma proteins.
A 33% (v/v) suspension of this resin in 2D-storage buffer (10 mM Tris/HCl,
pH 7.4, containing 150 mM NaCl and 0.02 % (w/v) NaN3) was prepared and
devolatilized by ultrasound. 300 µL of the suspension were deposited on the top
of cartridge prefilled with the lower frit and degassed 2D-storage buffer.
Packaging was accomplished under continuous flow and buffer loading.
Thereafter the upper frit was applied. The prepared columns with a ~100 µL gel
bed were stored at room temperature. The binding capacity was determined using
BSA: 4.02 mg/100 µL packed resin.

3.1.2. 3D-Columns
Pipet tips (250 µL, CyBio AG, OL3800-25-559-N) were used as cartridges in
order to meet volume and kinetic requirements of available starting material and
affinity separation, respectively (Figure 3). Porous PVC frits (see 3.1.1.) were
applied to border resins. A 33% (w/w) suspension of the affinity-resin (see section
2.4.1.) in 3D-storage buffer was prepared and devolatilized by ultrasound. 210 µL
of the suspension were deposited on the top of pipet tip prefilled with the lower
frit and degassed storage buffer. Packaging was accomplished under continuous
flow and buffer loading. Thereafter the upper frit was applied. The prepared
columns with ~70 µL gel bed were stored at 4°C.
All columns are stacked to microplate format by appropriate adapters suitable
for robotic or manual handling using multichannel pipettes, see Figures 2 and 3.

Automated Native Sample Preparation for Proteome Analysis

13

Figure 2. AEC columns. Array of 96 AEC columns (left) within the adapter for automatic
processing and adjusted to a 384-well microplate and two individual columns (right).

Figure 3. LAC columns. Array of 32 LAC columns (left) within the adapter for
parallelized manual processing and adjusted to a 384-well microplate and two individual
columns (right).

3.2. Parallel Micro Dialysis
For efficient medium exchange two variants of tools have been developed for
parallel dialysis. This sample preparation principle produces compatibility to
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subsequent preparation steps or analysis, such as i) lowering salt concentration of
fractions after 1D-SEC prior to 2D-AEC-fractionation, ii) removal of reagents
used for denaturation, reduction, and modification prior to tryptic digest (see
section 2.5., this chapter), and iii) desalting prior to mass spectrometry in 2D- and
3D-fractions.
Since no dialysis tool was available that meets our requirements regarding
parallelization, sample volumes, volumes of outer fluid, and molecular weight
cut-offs, we developed these tools ourselves.
For i, a plate comparable with a microplate is used, but with bores of 500 µL
inner volume instead of wells. The lower openings were closed by a
semipermeable membrane (Merck Millipore, Schwalbach, Germany,
VCWP14250, [2, 13], see Figure 4). For ii and iii, U-like capillaries (MD100,
Scienova GmbH) were applied as described earlier [11] and shown in Figure5.
We have equipped these tools with an adapter and tightening arrays to facilitate
parallel handling (Figure6).
Application note: MD100 may be also used for sample re-concentration as
outlined previously, simply by evaporation [14].

Figure 4. Self-made dialysis tool with 96 bores, view to bottom with the fixed dialysis
membrane.
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Figure 5. Parallel load of an array of eight micro dialyzers MD100.

Figure 6. Parallel retrieval of dialyzed fractions from 48 micro dialyzers MD100.

15

16

Sindy Wendler, Bärbel Tautkus, Sabine Nemitz et al.

4. Automated Workstation
4.1. System Overview
Sample fractionation and the selection of fractions are performed by a fully
automated workstation provided by CyBio (Figure 7, www.cybio-ag.com).

1: 96-well pipettorCyBi®-Disk. 2: Pneumatic plunger. 3: Four axis SCARA robot.
4: Absorbance reader. 5: Eight channel pipettorCyBi®-Robospense. 6: 4°C incubator with
plate transfer unit. 7: Random access pipetting tip storage. 8: Storage for elution buffer
reservoirs. 9: Temporary microplate storage. 10: 384-well microplate and lid storage.

Figure 7. Automated workstation system overview.

4.2. Sample Fractionation
The key element of this automated workstation is the pipettor CyBi®-Disk
(Figure 8). This pipettor is equiped with 96 simultaneous pipetting channels and
accomplishes the transfer of 1D-fractions and elution buffers into chromatography
columns arraysarranged in 96-well microplate compatible format.
To fulfill the various liquid handling requirements for sample fractionation,
the CyBi®-Disk offers a wealth of adjustment options. These include eligible
pipetting speeds and immersion depths for aspirating and dispensing liquids,

Automated Native Sample Preparation for Proteome Analysis

17

appropriate speeds for movement into / out of liquids, delay times before
aspirating and after dispensing liquids, and variable XY positioning of pipetting
tips within wells, as well as tip touch of pipetting tips to microplates and prewetting of tips.

7

10
3

13

14
11
12
11

15
16

3, 7, 10: see Figure 7. 11: Column array. 12: Microplate to collect fractions. 13: 96-well pipettor
head. 14: Automatic tip changer. 15: Ten place circular shelve. 16: Reservoir for buffer
solution.

Figure 8. CyBi®-Disk.

The circular shelve holds up to ten microplates and/or reservoirs and provides
space for various accessories. Two trays are used to process 1D-fractions from
one sample. One place is required for elution into the target
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(= elution) microplate. The second place is used as a storage position of the
column array during target microplate replacement. Thus, up to four samples may
be processed simultaneously. The remaining two places are taken by reservoirs
providing buffer solutions.
Because up to four eluates (respective 2D-fractions) per 1D-fraction are
collected, the column arrays must be re-adjusted to the corresponding partition of
a 384-well microplate by the SCARA robot (see below) before spotting.
To ensure a reproducible flow-through of the chromatography flow, the
automated workstation is equipped with a pneumatic plunger (Figure 9). After
liquid transfer the pneumatic plunger applies a gentle, time limited pressure
stimulus to the chromatography columns. Pressure and duration of the stimulus
can be adjusted. Design and flexible mounting of the plunger ensures that each
chromatography column receives an identical pressure stimulus.

17: Pressure plate. 18: Elastomeric foam mat. 19: Flexible mounting. 20: Pneumatic cylinder.

Figure 9. Pneumatic Plunger for homogeneous conditioning of the 96 chromatography
columns.
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3

1

22
7
21

16

23

1, 3, 7, 16: see Figure 7 and 8. 21: Servo gripper. 22: Gripper collision detection. 23: Robot
collision detection.

Figure 10. Four axis SCARA robot for handling various labware in the automated
workstation.

A four axes SCARA robot (Selective Compliance Assembly Robot Arm)
handles various labware such as deep-well plates containing 1D-fractions, target
plates for 2D-fractions, tip trays and reserviors of buffer solutions (Figure 10).
This robot has an operating distance of 422 millimeters (16.6 inches) and a
nominal payload of 2kg (4.4 lbs.). The gripper with integrated servo technology
can handle microplates in a landscape as well as portrait direction without
reconfiguration.
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The gripper detects missing microplates and signals an error in this situation.
A possible cause might be a user oversight when setting up the system. This
feature avoids pipetting from or into non-existing microplates. Moreover, the
robot has an integrated collision detector, which prevents damage of labware or
parts of the workstation. After elution the SCARA robot transfers the microplates
containing 2D-fractions to the reader for readout, to the incubator, or to the
CyBi®-Robospense (see below) for further processing. The system is able to
recover from errors seamlessly once the cause has been corrected. This minimizes
loss of data and samples.
Readout data are used to reduce the number of fractions for mass
spectrometric analysis and to keep the overall throughput of the proteome analysis
on a biologically and economically reasonable rate. Absorbance data are
automatically transferred to a data warehouse (see section 5, this chapter). Based
on this data, fractions are selected for the mass spectrometric analysis. The list of
the selected fractions is automatically transferred back to the instrument control
software for pooling.

4.3. Picking Fractions of Interest
For this, besides the pipettor CyBi® -Disk the workstation is equipped with an
additional pipettor CyBi®-Robospense (Figure 11). This flexible pipettor has
eight, separately controllable, equidistantly spreadable pipetting channels.Each of
these 8 pipetting channels can detect the liquid level in the corresponding wells. A
rich set of pipetting options comparable to those of the CyBi®-Disk (see above)
ensure optimal liquid handling results. Additionally, variable indexing of wells in
the X- and Y- direction is applicable for plate pooling and reformatting. Using the
CyBi®-Robospense hit picking and pooling into 96-well microplates is
accomplished based on the above mentioned list. All microplates containing 2Dfractions, reformatted plates or collected hits may be temporarily stored within the
incubator at 4°C (39°F) before further processing for mass spectrometric analysis.

4.4. Software
The automated workstation is controlled by CyBio’s own automation
software, CyBio® Composer (see Figure 12). With this graphical user interface an
operator can define workflows and execute them on the workstation.
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24: Eight pipetting channels. 25: 35 place workspace. 26:Microplate with 2D-fractions. 27:
Target plate for tryptic digest.

Figure 11. CyBi®-Robospense with deck layout for fraction picking.

The CyBio® Composer package supports sequential and parallel execution of
instrument activities. Therefore it is possible to operate more than one sample at
the same time and to handle labware during fractionation steps. The parallel
execution ensures that the fractionation is processed as soon as possible to reduce
time dependent effects.
The CyBio® Composer script editor allows quick and easy definition of
workflows. The integrated adaptable error handling ensures that, even in complex
error situations, the user can react in an adequate manner to avoid loss of samples.
Even after breakdown of the entire system due to some error condition, the
software recovers from any incomplete task continuing the workflow where it has
stopped. Relevant data shared between the data warehouse of the “Biomarker
Analyzer” (see section 5, this chapter) and CyBio® Composer is stored in a SQL
Server database. All activities will be logged and time stamps are associated
within an audit trail. Therefore all executed process steps can be retraced any
time. The CyBio® Composer user management allows the restriction of access to
almost every part of the software, to ensure that only authorized personal can use
the appropriate features.
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Figure 12. CyBio® Composer Software: workflow.

Numbers: cf. Figures 7 and 8.

Figure 13. Automated workstation overall overview.
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5. Process Control and Analytics
The software package “Biomarker Analyzer” (X-CASE) handles data on
samples and processes with versatile facilities for analyses, visualization and
process-control.
The package consists of a computer assisted sample inventory connected to
components of lab equipment by automatic interfaces, a biomedical data
warehouse, and comprehensive tools for control and analysis (Figure 14). It uses
business intelligence technologies like a data warehouse with reports using ad-hoc
pivot-tables, graphical charts and data mining.

5.1. Sample Inventory – Lab Management for a High Throughput
System
To keep track of the numerous lab objects used during high throughput
workflows, all information about labware and their locations are saved
automatically by the software.

Figure 14. Components of the Biomarker Analyzer software.
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This database not only locates lab objects in stores, it also links data on
labware with measured and context sample data (dates, volumes, processing
times, temperature, spectrophotometric readout, mass spectrometry).

Figure 15. Sample inventory with measured data from readout.

A frontend is provided to visualize and search the laboratory logistic database
(Figure 15). This lab logistics system is the base for analyses and process views.

5.2. Software Interfaces for a Fully High Throughput Automation
A robust IT-infrastructure and several automatic software interfaces were
developed. Thereby, an automatic input of spectrophotometric readout and
context data into the sample inventory is achieved by a pull interface. For the
context data, the sample inventory determinates labware and links labware and
measured sample data (see section 5.1., this chapter).
Mass spectrometric raw data are stored on a central server system with special
file naming conventions. From there the pull interface generates links to the files
in the sample inventory. Thus, raw data from readouts are protected from loss.
Moreover, data access by links enables simultaneous processing by several
scientific software tools and clients.
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The spectrophotometric readout is visible instantly due to the close
processing of data.
At this point, fractions may be selected already for 3D-fractionation and/or
mass spectrometry. For this, selected hits are committed to the CyBi-Robospense®
(see section 4, this chapter) via another interface.
Additionally, the CSV-input for the Xcalibur-software is provided to facilitate
scheduling of mass spectrometry. Moreover, heavy process deviations may be
identified just after readout. This all saves enormous time and vast manual labor.

5.3. Comparison and Selection of Fractions for Picking
The spectrophotometric readout of 2D-fractions is the earliest opportunity for
the selection of fractions for analyses and/or further sub-fractionation. The results
of the spectrometric readout, either as absorbance or calculated protein
concentration are displayed using a two- or three-dimensional matrix (Figure 16)
in versatile charts and reports. The software provides multiple resizable windows
for visual comparison of samples and controls. The selection of fractions of
interest may be performed manually by mouse click or automatically by preselected criteria (see section 5.2, this chapter), e.g., ratios of protein
concentrations or UV-absorbancies of homologous fractions, trends of
neighboring fractions, and threshold values.
Moreover, alternatively, comparison may address two samples, two sample
groups (disease vs. control), or multiple stages along the course of the disease.

5.4. Links/Analytical Facilities
All, data derived from spectrophotometric readout (absorbance, total protein
concentration), from mass spectrometry (ID-numbers, peptide number,
coverage, intensities, scores…), clinical data from patients, and data on labware
and fractionation performance are linked persistently. These data are viewable
by clicking on fraction identifiers (Figure 17) or by application of separate adhoc analysis tools. So, for deep proteomic analyses, the software provides an adhoc reporting system with filtering and sorting functions of all types of data,
from data on individual clinical characteristics via data under fractionation to
proteome data.

Color coded protein concentrations in 2D- (upper left) or 3D-matrix (right), and a preview of selected fractions in a picking list (bottom
left).
Figure 16. Visualization of readout data.

Selected fractions are marked by a pill.

Figure 17. Visual linkage of proteomic data to spectrophotometric readout of selected 2D-fractions.

Total fractional concentrations of proteins were calculated from A280–A700 (see section 2.5, this chapter) and are given by values (mg/mL) and
grey scale; circles indicate areas rich in immunoglobulins (I), transferrin (T), albumin (A), and lipoproteins (L).

Figure 18. Distribution pattern of proteins after 2D-fractionation within 4128 fractions.
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5.5. Highly Flexible and Open to Other Scientific Fields
Because research processes are changing rapidly, the software is kept flexible
for integration into other systems and platforms (Windows, Linux, Macintosh)
based on newest and reliable open-source-technologies, which are running on
most computers. The current software was developed in Java and uses a central
MySQL-database. The desktop frontend is an Eclipse Rich Client Platform
(RCP), which is more interactive for analytics rather than a web-application.
Additional components can be developed and installed as plugins. The software’s
architecture itself is separated in small main- and sub-program modules with
defined interfaces. These technologies and modules are modified independently or
replaced to adapt to new tasks.
To enable integration into other systems, interfaces may be developed with
the integrated APIs (Application Programming Interfaces) and the frontend user
may export practically all data into Excel©. Also standardized push and pull
interfaces to laboratory equipment enable flexibility for future applications and
opens the software to other research areas.

6. Validation Characteristics
6.1. Separation Resolution/Profiles
During native chromatography single protein entities are never completely
separated from each other. Rather, proteins elute in groups according their native
characteristics and interactions. Hence, with SEC, observed molecular weights
reflect natural heterogeneity regarding posttranslational modifications and
complex formation analogous to in vivo conditions. Groups of proteins or protein
complexes with similar charge and similar lectin affinity co-elute with AEC and
LAC, respectively. Moreover, each individual protein, complex, or fragment
shows its own Gaussian distribution over a few fractions. Nevertheless, each final
fraction contains its unique mixture and exhibits a much lower complexity than
the original sample suitable for mass spectrometry. Generally, protein distribution
after native SEC depends on column configuration and running condition. With
serum and plasma, three main protein fractions were obtained under the
conditions used. These peaks showed typical molecular weights of and contained
lipoproteins (peak I), immunoglobulins (peak II) and albumin (peak III) as
verified by mass spectrometry and immunological measurements [2, 5].
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These proteins form complexes or simply co-elute with many other plasma
constituents. With the maxi and midi versions (see section 2.2., this chapter)
resolution was alike. In Figure 19 the typical elution profile is shown. A similar
distribution but with lower resolution was achieved with the mini version.
After AEC and LAC, protein isoforms differing in their posttranslational
modifications become visible. Beginning with AEC, proteins are inevitably
diluted and thus native complexes may dissociate. Nevertheless, information on
native molecular weight is irreversibly conserved within 1D-location of all
subsequently produced sub-fractions.
A typical 2D-distribution pattern of the plasma proteome after AEC is shown
in Figure 18. Highly abundant proteins, immunoglobulins, transferrin and albumin
are easily visible as spots. Additionally, a simple quality control was introduced
for SEC and AEC by addition and tracing phycobilins in order to check proper
performance [15].

6.2. Fractionation Precision and Recovery
UV absorbance trace (1D) and high-throughput UV measurements in
microplates (1D-3D) were used for quantitation of total protein concentrations and
amounts [10]. This measuring principle avoided sample loss, labor and
imprecision introduced by the various protein determination procedures.
Moreover, the probable inclusion of UV absorbing constituents other than
aromatic amino acids of proteins is beneficial with respect to biomarker search.

6.2.1. 1D, Size Exclusion Chromatography
For validation, SEC was performed 16 times within 6 days using a pool of
EDTA-plasma from two healthy staff members (female, 27 and 30 years, see
section 2.2., this chapter). Aliquots (1.5mL) of the pooled plasma were stored at 20°C until use. Fractions of 750 µL were collected in chilled deep-well
microplates.
Recovery: In previous experiments, the entire UV absorbing material of the
starting amount (~100%) was recovered with SEC [2, 4]. Currently we focus on
proteins and thus, low molecular weight fragments and peptides eluting after
collection (< 10 kDa) [7] were not considered in order to improve spreading and
resolution of high molecular weight proteins.
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Means and SD (antennas) of protein concentrations of all 96 1D-fractions of one plasma sample
are indicated (left ordinate). For comparison, straight line of column calibration is shown
(right ordinate). Peaks containing characteristic proteins are indicated: lipoproteins (peak
I), immunoglobulins (peak II) and albumin (peak III). Additionally, CV values are given in
Tables 2 and 3.

Figure 19. Protein distribution and precision after 16 runs of 1D-SEC.

Following this, the total yield after 1D-fractionation was 93.73 ± 2.72 %
(n=16) of the starting UV absorbing material and represent the entire protein
content.
Precision: The standard deviation of 16 runs was determined for each 1Dfraction and is given as mean and CV (see Figure 19). Precision depends on the
precision of readout and therefore on the level of protein concentration (Table 2),
and location (Table 3). Best values are in the range of ~3%.
CV values are very high with 1D-fractions of low protein concentrations.
These values are based on UV absorbances close to blanks and are known to be
affected by high interference in microplates.
Moreover, 1D-fractions with the lowest protein content (0.02-0.04 mg/mL)
and CV values above 50% yield 2D-fractions of very low protein concentration,
since protein constituents are diluted on average to one third under 2D-AEC. Thus
these fractions are not considered for proteomic searches by our method.
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Table 2. Precision of 1D-separation
Protein
concentration
3.0-5.0
1.0-2.95
0.3-0.97
0.05-0.18
0.02-0.04
0.02-5.0

Mean of CV

SD of CV

Number of 1D-fractions

4.50
4.51
5.19
21.15
51.44
3.22

0.89
2.04
5.70
12.76
25.84
0.22

9
27
15
6
21
18 best

CV values were sorted according total protein concentration (calculated from A280-A700, same
data as in Figure 19).

Table 3. Dependence of CV values on elution volume (fraction number)
Peak
I
II
III
III

Fraction number
49-54
66-77
79-83
93-96

Mean of CV

SD of CV

3.68
3.83
3.74
7.45

0.36
0.41
0.75
3.59

Number of
1D fractions
6
6
5
4

1D-fractions with similar protein concentration, 1.1-1.9 mg/mL, were selected from all three
elution peaks (same data as in Table 2, Figure 19).

6.2.2. 2D, Anion Exchange Chromatography
Recovery
Protein yield was determined from eight human, one bovine, one goat and
two mice plasma samples, and two pooled human CSF samples. Protein content
of all 2D-fractions were summed up, i.e., the sum of up to 4128 fractions, and
compared with the input, i.e., the sum of the protein content of up to 96 1Dfractions. Thus, 97.1 ± 11.2% of the protein amount was recovered after 2Dfractionation, similar to previous data [2,16].
Precision
For the determination of precision 96 pools of all 96 1D-fractions of 16 1Druns (see section 6.2.1.) were generated and 2D-separated with four and three
column arrays per run, altogether 14 times. Various forms of precision parameters
were determined after these 2D-runs.
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Intra-Assay Precision
Since our method should be applied to 96 different 1D-fractions, knowledge
of intra-assay precision determined with 96 identical samples subjected to a
multitude of columns of one array is unfeasible. Rather, precision values were
obtained with 96 parallel columns that separate 96 real samples, i.e., 1D-fractions
differing in protein compositions and total protein amounts and close to
application conditions in proteomics. Thus, for determination of intra-assay
precision, identical sets of aliquots of the pooled 96 1D-fractions were 2Dfractionated and the maximum number of replicates after one run applying the
automated workstation was used, i.e. four arrays.
The means of CV values are better than ~10% with fractions that contain
protein concentrations above 0.1 mg/mL, which represent ~ 15% of all fractions.
Exemplarily results are shown in Figure 20.

Protein concentrations of all 2D-fractions were determined using A280 and BSA for calibration.
CV values were calculated on each 2D-location and sorted according to protein
concentration, without (A280) and with corrections by well-specific blank absorbance at
700 nm (A280-A700). Bars represent mean + SD of CV values within joined concentration
intervals given on the abcissa. Numbers over the bars indicate number of locations of the
respective group of 2D-fractions, circles indicate mean ± SD of the UV based protein
determination method (n=8) without fractionation.

Figure 20. Intra-assay precision of 2D-separation.
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Notwithstanding, a huge number of fractions exhibit protein concentrations of
0.03-0.1mg/mL and CV values up to ~40% obtained within series on one day. CV
of fractions below 0.03 mg/mL is even higher, but these fractions were set to
blanks and not further analyzed due to sensitivity requirements.
Inter-Assay Precision
A higher imprecision is found with runs on different days, even with identical
column arrays (inter-assay, Figure 21). Thus, for reliable comparison, samples
should be prepared on one day.
For comparison of more than four samples, these have to be separated in
different series’. In this case, CV values were higher than within one series with
most 2D-fractions viable for mass spectrometry. Mainly, CV values better than at
least 50% may be guaranteed (Figure 21).

Intra-assay precision: 1 day, 4 arrays, four runs (same data as in Figure20). Inter-assay precision
with one array: 4 days, 1 array, four runs. Inter-assay precision with several arrays: 5 days,
3-4 arrays per day, 14 runs.For details see Figure 20. Protein concentrations and CV values
were determined on each 2D-location with correction by well-specific blank absorbance at
700 nm (A280-A700).

Figure 21. Comparison of various precision data obtained with 2D-separation.
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Visual Quality Control
After 2D-separation, subsequent preparation and mass spectrometric analysis
are tremendously laborious and time consuming. Since precision data have no
further impact for individual ongoing runs, an online quality assessment is
required to avoid depletion of resources.
For mammalian samples, an effective quality control by addition of microbial
phycobilins was successfully evaluated.
These proteins carry chromophores that can be easily seen and read, show
characteristic molecular weights and charges, elute highly reproducibly from
AEC-columns, and do not disturb mass spectrometric analysis [15].

6.2.3. 3D, Lectin Affinity Chromatography
To determine binding capacity vast amounts of purified model proteins
(transferrin and α1-antitrypsin) were applied. The sugar specific eluate was
defined as binding capacity. To test reproducibility of LAC columns with single
lectins and lectin mixtures, the two purified proteins alone or in mixture (1/1,
w/w)) were separated repeatedly. To this end, 10 µL binding buffer were spotted
into the wells of a 384-well UV-Star microplate. Transferrin and α1-antitrypsin
were used diluted to 0.56 mg/mL. 90 µL containing 50 µg were applied per run,
i.e. ~1/8 of the maximum capacity (see below).
Elution and regeneration buffers were applied four times with corresponding
volumes. Four fractions eluted by identical elution buffer were pooled to 3Dfraction I-IV.
a. Single Lectins, Single Proteins

Binding Capacity
The binding capacities of the Concanavalin A and WGA resins were
determined with purified human transferrin and α1-antitrypsin, respectively: 5.5
mg transferrin/g resin (440 µg/column) and 12.4 mg α1-antitrypsin /g resin (992
µg/column).
Recovery and Precision
With 10 runs in series, 91.8 ± 4.6% of transferrin (intra-assay CV=5.01%)
and with 10 different series´, 90.13 ± 3.2% transferrin (inter-assay CV=3.58%)
were recovered by sugar specific elution (fraction II).
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Additional fractions of the protein were recovered in I, III and IV to ~100%
altogether.
b. Lectin Mixture, Mixtures of Two Purified Proteins

Intra-Assay Recovery and Precision
With mixtures of transferrin and 1-antitrypsin in 14 runs on 14 columns
within one series, 88.8 ± 3.6% of the applied protein amount were recovered.
Precision of protein content within 3D-fractions were found with the following
percentages (mean ± SD of the recovered protein amount): I: 11.2 ± 3.5
(CV= 31.9%), II: 57.1 ± 3.6 (CV=6.4%), III: 27.7 ± 1.4 (CV=5.1%), and IV:
3.8 ± 1.5 (CV=38.2%). Thus, precision depends on fractional protein amount
analogous to 2D-fractions.
Inter-Assay Precision
After nine runs with single columns on 9 days, fraction I amounts to
15.0± 6.5% (CV= 43.5%), fraction II to 52.7 ± 5.2% (CV=9.9%), and fraction III
to 28.8 ±2.1% (CV=7.3%).

50 µg of a mixture of transferrin and α1-antitrypsin (1/1, w/w) was fractionated on LACcolumns (n=6) containing a mixture of ConA and WGA (1/1, v/v). Recovered protein
amount was set to 100%. Unbound protein corresponds to fraction I.

Figure 22. Drifts of protein amounts within different 3D-fractions with repeated use.
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Long Term Stability
Figure 22 indicates that there are small but significant drifts with repeated
use. The percentage of fraction I, i.e. unbound flow-through rises, whereas protein
content of the sum of fractions II - IV declines. Two factors may be responsible:
denaturation of the ligands and/or escape of non-covalently bound subunits of
lectinmultimers. The latter was qualitatively confirmed by mass spectrometry.
This indicates that binding capacity decreases slightly by ~2% per run. Thus, the
number of reuses is limited depending on the expected protein load and the
comparative use in proteomics is feasible only within one series.

6.3. Precision of Mass Spectrometric Readout
From all 14 runs for evaluation of precision and recovery (see section 6.2.2.,
this chapter) six 2D-locations were selected from three different protein areas.
These 6x14 fractions were individually prepared, digested, and individually
analyzed by MS in duplicate.
Several parameters were analyzed quantitatively using features of Proteome
Discoverer 1.3 and SIEVE 2.0.

6.3.1. Precision of Peak Intensities
Here, exemplary results with fraction 72_02 (1D_2D) of the immunoglobulin
spot (cf. Figure 18) containing 2.2mg/mL and fraction 87_09 of the serum
albumin area (1.06 mg/mL) are shown. As can be seen qualitatively in Figures 23
and 24, the chromatograms are highly reproducible.
After alignment of all chromatograms of the respective fraction alignment
scores of 0.87 ± 0.028 (CV=3.16%) and 0.85 ± 0.049 (CV=5.79%) were obtained
with fraction 72_02 and 87_09, respectively. For comparison, with identical
samples used for quality control containing a tryptic digest from human
transferrin (5 mg/mL) 0.93 ± 0.055 (n=4, CV=3.28%), the score is only slightly
better. The results with all other tested fractions are similar.

6.3.2. Precision of Areas under the Curve
AUC of peaks were automatically selected and calculated by Thermo
Xcalibur 2.1 (Qual Browser). Figure 25 shows peak selection and Figure 26
shows means and SD of selected peaks of low (1) and high (2) intensities out of
two fractions.
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Alignment (SIEVE 2.0) of 26 individual LC runs of 13 2D-fractions at location 72_02 from 13
individual AEC runs (1 AEC run was omitted due to technical failure).

Figure 23. Overlay of peak intensities of all runs of 2D-location 72_02.

Alignment (SIEVE 2.0) of 28 individual LC runs of 14 2D-fraction at location 87_09 from 14
individual AEC runs.

Figure 24. Overlay of peak intensities of all runs of 2D-location 87_09.

CV values with low (1) and high (2) intensity were 24.30% and 15.48% with
fraction 72_02, and 28.61% and 28.94% with fraction 87_09, respectively.
For comparison, with identical samples of a tryptic digest from human
transferrin used for quality control (5 mg/mL, n=4, see section 2.7, this chapter)
the precision is only slightly better with CV values of 6.35% and 21.42% for
peaks with low and high intensity, respectively.
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The figure shows one example (one run of location 72_02) of the automated determination of
the intensity of selected peak areas by Thermo Xcalibur 2.1 (Qual Browser). Circles mark
the selected regions for the calculation of AUC with low (1) and high (2) intensity at
retention times of 4.98 and 15.26 min.

Figure 25. Intensity of ion current of one LC_MS run with location 72_02 with indication
of selected peaks.

6.3.3. Reproducibility of Proteins Identification
Proteins were identified by the Proteome Discoverer 1.3 and Sequest database
search algorithm applying a false discovery rate of <1%. As shown in Figure 27,
similar numbers of identified proteins could be found in all replicates of the same
fraction applying identical criteria. In total, with support by ≥2 peptides 16
(73.8% of the mean) and 5 (49% of the mean) proteins were found collectively in
all samples of location 72_02 and 87_09, respectively.
Figs. 26 and 27 would be better located before section 7.

7. Applications
7.1. Profiling of Proteomes of Various Sample Types
Besides recovery and precision, the final yield of identified components is
one of the quality parameters regarding comprehensiveness and sensitivity of a
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proteomic workflow. All these parameters combined account for success in
biomarker search.

From two 2D-locations (72_02, 87_09) two peaks were selected (see Figure 25) with different
intensities and different retention times. Bars represent means + SD of AUC of selected
peak areas for all runs with two 2D-locations as indicated.

Figure 26. Mean and SD of four areas under the curve of the intensity of ion current of
LC_MS runs with two 2D-locations.

Thus, sample input amount, sample separation, and mass spectrometric
readout including database size contribute equally and critically to the result.
The previously published semiautomatic sample preparation of two human
serum samples yields 2669 and 520 identified non-redundant proteins supported
by ≥1 peptide and by ≥2peptides, respectively [16]. The previous procedure
differs only slightly from the current one with serum instead of plasma samples
and AEC on DEAE-cellulose instead on DEAE-toyopearls. Moreover, readout
was previously performed by nLC-MS using an Ultimate system (Dionex) and a
Qstar pulsar (Applied Biosystems GmbH, Darmstadt, Germany) instead of
µUHPLC combined with a LTQ Orbitrap Discovery equipped with an H-ESI
source. The current equipment allows about a six fold throughput (see section 2.6,
this chapter) compared to the former one.
Hence, a slightly higher number of 3166 and 816 non-redundant proteins
could be identified supported by ≥ 1 and ≥ 2 peptides, respectively (cf. Figure 28).
This yield was obtained by applying all presented tools and devises on every
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second 2D-fraction (with >0.03 mg/mL) of two human plasma samples and
analysis of technical duplicates. Surprisingly, only ~25% of the identified hits
(supported by ≥ 2 peptides) represent collective proteins.

Numbers of identified proteins were determined using the Proteome Discoverer 1.3 at location
72_02 (n=26) and 87_09 (n=28) from 13 and 14 individual 2D-runs, respectively. Bars
represent the means + SD of identified proteins supported by ≥1 peptide (left parts, mean
62.6 (72_02) and 25.3 (87_09)) and supported by ≥2 peptides (right parts, mean 21.7
(72_02) and 10.2 (87_09)).

Figure 27. Precision of the number of identified protein hits.

Bright: hits found only in sample 1, grey: hits found only in sample 2, dark grey: overlap
(collective proteins); left part: identified by ≥1 peptide, right part: identified by ≥2
peptides; areas correspond to hit numbers.

Figure 28. Number of identified proteins from two different individual samples from two
healthy volunteers of EDTA-plasma.
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Additionally, our recent method could be applied easily to bovine and goat
plasma with similar protein input compared to human samples, to pooled and
concentrated human cerebrospinal fluid with about 1/4, and to mouse serum with
about 1/10 protein input compared to human plasma samples, respectively.
So, with one bovine and one goat plasma sample, with two pooled human
cerebrospinal fluids, and with one mouse serum sample 1151, 1044, 1368, and 378
non-redundant proteins could be identified with ≥1peptide hit per protein. One has
to note that the actual (07/2013) number of data base entries in UniProtKB with
ruminants (~7.700) is much lower than for humans (~812.000) and mice (~80.000),
and that the protein amount of mouse serum is one order lower.

7.2. Biomarker Search
7.2.1. Severe Inflammation
Sepsis, severe sepsis, and septic shock are states with increasing severity of
inflammation. Sepsis is still a signifcant cause of death at intensive care units. For
diagnosis, various vital parameters, laboratory and hemodynamic data, and data
reflecting organ function are used. Parameters used for diagnosis are related to
pathogenesis involved, i.e., oxidative stress, apoptosis, dysregulation of innate
immunity, endothelial dysfunction, coagulation and complement activation,
metabolism, and signal cascades. However, these parameters cannot diagnose
sepsis reliably nor can they predict progression or prognosis. Hence, the search for
useful proteomic biomarkers is urgent and still ongoing [e.g., 17,18,19,20].
Our method under development yielded 36 biomarker candidates in total. Out
of these, CRISP and A1B-GP and a seemingly low-molecular weight albumin
fraction were evaluated and could be validated by immune assays [5].

7.2.2. Nephropathies: Alport Syndrome and End Stage Renal Disease
The Alport syndrome is a hereditary clinically and genetically variable
nephropathy which develops into nephrotic syndrome and finally, End-stage renal
disease (ESRD). Additionally, extra-renal manifestations may occur, e.g., sensoryneural deafness, ocular abnormalities, and leiomyomatosis. Although inherited,
therapeutic intervention in renal failure may be achieved by several principles.
Since therapy by Ramipril is particularly effective when started in early or even
preclinical stages [21], early diagnosis is urgently needed. However, reliable noninvasive markers for screening, diagnosis and therapy monitoring are lacking.
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Until now, reliable diagnosis requires biopsy and/or genetic methods.
Generally, these procedures are not performed before the onset of strong clinical
symptoms.
Therefore we applied our method to biomarker search in Alport syndrome.
Thereafter, some of our biomarker candidates identified in serum [5] were
evaluated in a cohort of patients exhibiting Alport syndrome, other nephropathies,
and healthy controls. Out of them, a panel of parameter combinations was found
to discriminate between patient groups and thus verifying our biomarker
candidates [22, 23].The same method was applied to patients with ESRD of
diverse origin undergoing hemodialysis. Here, surprisingly, long-term serum
proteomes were found to be quite similar under treatment with two variants of
hemodialysis (i.e., by high- and low-flux membranes). Contrary to this, 29
significantly altered serum protein constituents were identified in ESRD patients
in comparison to healthy controls [8].

7.2.3. Psoriasis
Psoriasis vulgaris is a frequent polygenetic inherited and chronic
inflammatory disease with the primary focus on skin. Psoriasis affects 2-4% of the
population worldwide. A large proportion of patients unpredictably develop
associated diseases as e.g., atherosclerosis, myocardial infarction, uveiitis, Mb.
Crohn, and various metabolic und psychiatric alterations [24]. In 20-30% of cases
the disease is associated with Psoriatic arthritis (PsA) [25]. Currently, the
diagnosis of Psoriasis and PsA is mainly based on clinical assessment and there
are no diagnostic tests or biomarkers with high sensitivity and specificity,
especially in the early disease state [26]. Thus, the current method was applied to
EDTA-plasma of patients with Psoriasis, Psoriasis arthritis and controls. The
study is still in progress. Some preliminary results are shown in Table 4 (A-C):
Table 4. Preliminary results with Psoriasis with one sample couple
(patient/control)
A: Global results
Parameter
total analyzable 2D fractions
fractions with protein conc
fractions with protein conc
analyzed fractions
peptide hits 
peptide hits 

Criteria
>0.03 mg/mL in at least one sample
UV absorbance, factor  4
UV absorbance, factor  0.25
~every fourth of both samples
Total, FDR <0.01, ratio  4
Total, FDR <0.01, ratio  0.25

Number
1053
31
17
530
634
1338
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B: Identification results

protein hits 
protein hits 

Criteria
According
Expasy entries
identified twice with
alike direction in joined
fractions

Condensed number of protein hits
Biomarker
typical plasma
candidates
proteins
29
36
20

62

C: Examples of biomarker candidates
ID
tr|H0YAS8
tr|B7Z8R6
sp|A8MT79

Name
Clusterin alpha chain
Trypstatin,
Alpha-1-microglobulin
Putative
zinc-alpha-2-glycoprotein-like 1

Biological function
not known
not known
not known

complement activation
epidermis development,
carbohydrate binding
EDTA-Plasma of Patients with Psoriasis and age and gender matched controls were processed
in parallel including mass spectrometry. UV absorbance and mass spectrometric data of
homologous fractions were compared.
sp|P04264

Keratin type II cytoskeletal 1

7.2.4. Amyotrophic Lateral Sclerosis
ALS is a progressive neurodegenerative disease of upper and lower motor
neurons with systemic implications. About 10% of ALS patients indicate a
positive family history (familial ALS). The remaining 90% are so-called sporadic
ALS cases [27]. ALS is hallmarked by central paresis, spastic tonicity,
uninhibited muscle reflexes, fasciculation, pyramidal signs and muscle atrophy
(amyotrophia) [28]. Most of the patients perish approximately 2-5 years after
disease onset by respiratory paralysis. There is no cure for this rapidly disabling
disorder. The only available therapy is based on Riluzole. This drug extends the
life expectancy for merely 2-3 months [29]. As yet, it is still unclear which
cellular events initiate the degeneration of motor neurons including corticospinal
tract, brainstem, and spinal anterior horn neurons. As a consequence, the search
for ALS biomarker candidates is urgently needed.
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Each vertical line represents one hit with SIEVE 2.0. Horizontal lines indicate borders at a twoand fourfold change under disease.

Figure 29. Ratios of intensities of identified proteins in CSF from patients with ALS (A)
and controls (B).

Reliable biomarkers have not only the potential to provide early diagnostic
tools, they could further provide molecular indicators that help to gain deeper
insights into the pathophysiology of ALS.
This is constitutive for the discovery and development of therapeutic
interventions by determining whether a potential drug candidate targets the
disease in an effective manner [30].
Therefore we began to apply our method to biomarker search in ALS. CSF
samples were obtained after written declaration of consent from patients
undergoing diagnostic lumbar puncture who agreed to give extra CSF for
proteomic analysis by strict standard operation procedure.
Prior to automated sample preparation, matched CSF samples of ALS patients
(n=7) and controls (n=9) have been pooled and subsequently concentrated by
filtration through a spin column (Vivaspin 500, Sartorius, MWCO 5 kDa) in order
to get enough protein input.
Although still in progress, as an initial result, several hundred protein species
can be shown to be stringently different in ALS (Figure 29), and require further
evaluation.
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Conclusion
The presented method was compiled in strict compatibility with microplate
technology throughout: from separation, readout and quantitation, sample
preparation between separation steps, storage, up to stacking within the
autosampler of LC-MS.
Thus, all equipment developed for SBS standards may be used including
liquid handling techniques and automation facilities. Existing gaps of still
unavailable tools, disposables and software were filled prototypically with our
own developments.
Thus, maximum standardization is achieved by true parallel processing.
Moreover, with the majority of sample preparation steps the parameters, precision
and recovery can be determined using spectrophotometric readout in contrast to
other proteomic methods. These parameters were used for strict process
optimization. Although very precise, using our automated platform CV values and
recoveries of singular steps could never achieve 0% and 100%, respectively.
Thus, there is some imprecision to be considered with the final results as for other
analytical tools. Currently, we are not able to determine overall precision
experimentally. Furthermore, even if measureable, this statistical data is without
impact for the interpretation of a distinct experiment. Since the majority of 2Dfractions achieve CV values of lower than 50% for both total protein
concentrations after fractionation and exemplarily with mass spectrometric
readout, a fourfold change of the final result seems to be an acceptable lower
boundary for defining significance in biomarker search.
Although entire sample constituents are preserved and prepared for analytics,
sample preparation became fast and highly reproducible. Now, mass spectrometry
was identified as bottleneck of throughput.
Due to comprehensiveness and known low imprecision, our platform offers a
valuable alternative, complementary to others, for proteomic studies and
biomarker search driven without hypotheses.
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