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Abstract

The recent development of high-throughput proteomic technologies has given us new methods to analyze how an organism responds
to changes in its nutritional environment. The analysis of plasma samples by surface-enhanced laser desorption/ionization time-of-flight
mass spectrometry (SELDI-TOF-MS) was investigated as a novel approach to the identification of new biomarkers of nutrient status.
Pre-fractionation of rat plasma by anion-exchange chromatography in 96-well filter plates markedly increased the total number of unique
peptides and proteins that could be observed in SELDI-TOF mass spectra. Replicate fractionations generated nearly identical pH fractions,
not only in terms of peptide and protein composition but also in respect to the ion signal intensity of replicate SELDI-TOF mass spectra. The
feasibility of this approach was tested with samples from retinol-sufficient and retinol-deficient rats. The comparative analysis revealed reduced
levels of three proteins with molecular masses between 10000 and 20 000 in plasma of retinol-deficient rats. These results demonstrate that
plasma profiling by anion-exchange fractionation and SELDI-TOF-MS may be a promising surveillance tool to detect changes in nutritional
status and whole body physiology.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction approach to biomarker discovery that combines specially
designed protein chip arrays with surface ionization mass
The Human Genome Project has catalyzed the develop-spectrometry[1]. At the core of this technology is the
ment of novel technologies that have made it possible to on-chip affinity purification of peptides and proteins from
analyze large sets of mMRNA and/or proteins expressed in acomplex mixtures thus greatly reducing signal suppres-
biological sample. High-throughput applied genomics tech- sion effects often encountered in the analysis of biologi-
nologies like transcriptomics, proteomics and metabolomics cal samples by matrix-assisted laser desorption/ionization
are now available to nutrition researchers. These new screentime-of-flight mass spectrometry (MALDI-TOF-MS). Fur-
ing tools are likely to play a major role in the selection of ther advantages are that SELDI-TOF-MS is fast and readily
new and accurate biomarkers that are urgently needed foramendable to high-throughput automation. In combination
predicting the outcomes of food-based interventions, given with advanced data mining methodologies, this technology
the importance being placed on ingredients in foods con- has recently been used successfully in the field of diagnos-
tributing to disease prevention and optimal health promo- tic proteomics to detect several disease-associated proteins
tion. and protein expression patterns in a variety of biological
Surface-enhanced laser desorption/ionization time-of- tissues and body fluidg2—4].
flight mass spectrometry (SELDI-TOF-MS) is a novel As aresult of the success of these initial studies, the rapid
generation of protein expression profiles from plasma and
serum samples has become of special clinical intd&dst
* Corresponding author. Tek+1-301-504-7365. Plasma is the most sampled proteome and contains many
E-mail addressharrisone@bhnrc.arsusda.gov (E.H. Harrison). other tissue proteomes as subsets. In addition to the classical
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plasma proteins secreted by liver and intestines, the plasmasinapinic acid an all other reagents were purchased from
proteome also contains peptides and proteins that are seSigma (St. Louis, MO, USA).

creted into plasma from other normal tissues, from tumors

or diseased tissues, or as the result of tissue damage or cel2.2. Animal procedures

death. The proteomic profile of plasma might serve as an

indicator of the pathophysiological state of internal organs. Dams were fed the AIN-93G vitamin A-free diet from
The plasma proteome is therefore considered to be the mostheir time of arrival. Young ratsi(= 3/group) were weaned
important proteome for the early detection of disease and after 25 days and split into two groups. The vitamin A-
could possibly also be used for therapeutic monitofisig deficient rats continued to receive the AIN-93G vitamin
However, several factors complicate the analysis of plasmaA-free diet whereas the vitamin A-sufficient rats were fed
and make the detection of low abundance peptides and prothe AIN-93G vitamin A-free diet supplemented with retinyl
teins difficult: (1) the high concentration of albumin and palmitate. After approximately 90 days rats were euthanized
v-globulins, (2) the wide dynamic concentration range of and blood was collected into heparinized syringes from the
other peptides and proteins, and (3) the tremendous het-abdominal vena cava. Plasma was prepared by centrifuga-
erogeneity of the glycoconjugates of plasma proteins. As tion at 800x g for 20 min at £C and stored at80°C.

a result, methods to reduce the complexity of samples by

removing highly abundant proteins are rapidly becoming 2.3. Albumin depletion of rat plasma with Cibacron

an essential first step in many proteomic analysis schemesBlue agarose

Several different strategies to effect this goal have been

recently described for human plasma and serum samples in- Twenty microliters of rat plasma were diluted with 30

cluding ultrafiltration[7], multi-component immunoaffinity
subtraction chromatograpl$]and liquid-phase isoelectric
focusing electrophores[9].

wl urea—3-[(cholamidopropyl)dimethylamino]-1-propanesul-
fonate (CHAPS)-Tris—HCI buffer (9 M urea, 2% CHAPS,
25mM Tris—HCI, pH 7.5, 25mM NacCl) and incubated for

The aim of this investigation was to determine whether 30 min at 10°C. Rat plasma sample were then diluted with
changes in the plasma proteome that can be detected byOul buffer 2 (1 M urea, 0.22% CHAPS, 25 mM Tris—HCI,
SELDI-TOF-MS can be related to changes in nutrient pH 7.5, 25 mM NaCl) and incubated for an additional 5 min
status. For the purpose of this investigation we chose toat 10°C. Diluted samples were applied to a SwellGel Blue
study the vitamin A-deficient rat model. Dietary restriction spin column, incubated for 2min at 26 and centrifuged
of vitamin A and-carotene in rats leads to rapid deple- at 10000 rpm for 1 min in a tabletop centrifuge. The flow-
tion of hepatic vitamin A stores, followed by the onset of through was collected and reapplied to the column. Incuba-
clinical vitamin A deficiency after approximately 35 days tion and elution were performed as described above. Bound
[10]. In the first part of this investigation we used sera from peptides and proteins were eluted with 1.5M KCI (25 mM
retinol-sufficient rats to test different strategies to reduce Tris—HCI, pH 7.5, 1.5 M KCI).
albumin content and sample complexity. We subsequently
evaluated the reproducibility of the optimized fractionation 2.4. Anion-exchange fractionation of rat plasma
protocol with different rats before applying the method-
ology to analyze plasma samples from retinol-sufficient — Twenty microliter of plasma were mixed with 30 de-
and retinol-deficient rats for differential protein expres- naturing buffer A [9M urea, 2% (w/v) CHAPS, 50 mM
sion. Tris—HCI, pH 9] for 30 min at 10C. The sample was then
diluted with 50ul of denaturing buffer B [1 M urea, 0.22%
(w/v) CHAPS, 50 mM Tris—HCI, pH 9] and incubated for
5min at 10°C. A 180pl volume of a 50% suspension
of Q Ceramic HyperDF resin in Tris—HCI buffer (50 mM
Tris—HCI, pH 9) was added to each well of a Millipore
LPB Durapore filterplate (pore size: 0.a51) and washed

Male Lewis rats with their dams were purchased from three times with same buffer. One hundred microliters of
Harlan Sprague—Dawley (Indianapolis, IN, USA). AIN-93G the diluted plasma sample were applied to each well and
vitamin A-free diet was obtained from Dyets (Bethlehem, incubated for 30 min at“€C with shaking at 800 rpm on a
PA, USA). The ProteinChip Reader system (BPS IlI), Q MS 1minishaker (IKA, Germany). The flow-through was
Ceramic HyperDF anion-exchange resin and WCX2 pro- collected by vacuum filtration into receiver plates. The
tein array chips were purchased from Ciphergen (Fremont, anion-exchange resin was incubated with an additional
CA, USA). The SwellGel Blue Albumin Removal kit was 100l of Tris—HCI buffer [50 MM Tris—HCI, pH 9, 0.1%
obtained from Pierce (Rockford, IL, USA). LBP Durapore (w/v) OG] for 10 min at 25C with shaking. The wash
filterplates were obtained from Millipore (Bedford, MA, was collected by vacuum filtration. This procedure was
USA). The ProteoMass Peptide & Protein MALDI-MS repeated two times with 1Q0 each of appropriate buffers
Calibration kit,a-cyano-4-hydroxycinnamic acid (CHCA), with decreasing pH. The final wash was performed with an

2. Experimental

2.1. Materials
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organic wash buffer containing 33% (v/v) isopropanol and 80,
16% (v/v) acetonitrile in 0.1% trifluoroacetic acid (TFA). g 60
Fractionated samples were stored-&0°C until analysis. % 40
2.5. Sample preparation for SELDI-TOF profiling i;z(()) ) [/RSMH]‘J}SSMHP‘
experiments on WCX2 chips | i . , , , X
0 5000 10000 15000 ~ 20000 25000 30000
Unfractionated plasma samples were denatured as de m
scribed inSection 2.2and brought to a final dilution of 1:50 > 80 A
with NaAc binding buffer (100 mM NaAc, pH 4, 0.1% OG). é 60
Collected fractions were diluted 1:10 with NaAc binding g 4 T
buffer (100 mM NaAc, pH 4, 0.1% OG). One hundred mi- § 20 RSASH
o

croliters of the diluted samples were incubated in a biopro-
cessor with a WCX2 chip for 60 min at 2& with shaking

at 800 rpm. The chip was washed twice with binding buffer
for 5min, washed twice with water for 1 min and air dried.

o

25000 50000 75000 100000 125000 150000 175000 200000
m/z

0

Fig. 1. SELDI-TOF mass spectra of unfractionated rat plasma on a weak
cation-exchange (WCX2) chip. Plasma samples were prepared and diluted
as described isection 2 Peptide and protein ion signals in th#z range

of (A) 0-30000 and (B) 0—200000 are shown. RSA, rat serum albumin.

2.6. SELDI-TOF-MS instrumentation, sample preparation
and analysis

SELDI-TOF mass spectra were acquired on a ProteinChip
Reader system in the linear ion mode using a nitrogen laser3. Results and discussion
(337 nm). SELDI-TOF mass spectra were collected in the
positive ion mode using an accelerating voltage of 20kV and 3.1. Analysis of neat rat plasma by SELDI-TOF-MS
a delay time of 600ns. Low-molecular-mass SELDI-TOF
mass spectranf’z, 0—30 000 of peptides and proteins were The analysis of the rat plasma proteome has mainly been
acquired witha-cyano-4-hydroxycinnamic acid (CHCA) as carried out using electrophoretic separation techniques in
matrix. Each spot of a WCX2 protein chip array was overlaid connection with drug testing and toxicology stud@4].
with 2 x 0.5uL of a saturated solution of CHCA in 50% However, a major drawback of the two-dimensional poly-
(v/v) acetonitrile and 0.1% (v/v) TFA and allowed to air-dry acrylamide gel electrophoresis (2D-PAGE) approach is that
at room temperature. SELDI-TOF mass spectra of proteinsmany low molecular weight peptides and proteins cannot
larger thanm/z 25000 were acquired with sinnapinic acid be effectively visualized by current staining methods and
(SA) as matrix. Each mass spectrum shown represents theare therefore lost from the final analysis. We therefore in-
sum of a total of 150 laser shots collected at 30 different vestigated whether we could apply SELDI-TOF-MS to the
positions within each spot. Before each SELDI-TOF-MS analysis of rat plasma with a special focus on low molecu-
analysis the instrument was calibrated with the ProteoMasslar weight peptides and proteinsig. 1A shows a represen-

Peptide & Protein MALDI-MS Calibration kit using the
oxidized beta-chain of insulin, insulin, cytochromseand
apomyoglobin as mass standards.

All SELDI-TOF mass spectra shown were corrected by

tative SELDI-TOF mass spectrum of a diluted rat plasma
sample in the low molecular weight range up ton& val-

ues of 30 000Fig. 1B shows a representative SELDI-TOF
mass spectrum of the same sample in the high-molecular-

baseline subtraction. For biomarker discovery, the spectramass range up to avz values of 200 000. In the weight

of vitamin A-sufficient and vitamin A-deficient animals
were normalized to the total ion current starting nafz,
1500 and analyzed for differential protein expression with
the Biomarker Wizard software package (Ciphergen). Only
peaks with a S/N ratio equal to or greater than 5 were
considered for biomarker analysis.

Table 1

range where both mass spectra coincide, differences in the
protein expression profiles are due to the different matrices
and laser desorption energies that are used to acquire the
low-and high-molecular-mass spectra. A total of approxi-
mately 50 peptide and protein signals with a S/N rati®

were consistently detected in both spectraie 7). Not sur-

Effect of sample preparation on the number of unique peaks founds in rat plasma samples>aB8 &l S/IN> 5

Molecular mass ranger(z) Total plasma it = 5)

Albumin-depleted plasman(= 3)

Fractionated plasman (= 5)

SIN=> 3 SIN> 5 SIN> 3 SIN> 5 SIN> 3 SIN> 5
2000-30000 58t 8 25+ 6 51+ 9 48+ 9 178+ 8 101+ 9
30000-200 000 5% 8 26+ 5 28+ 7 24+ 7 64+ 7 41+ 7

SIN: signal-to-noise ratio.
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prisingly, rat serum albumin (RSA) was the most dominant plasma Table J). It is well known that Cibacron Blue not
peak at approximatelgvz, 66 000 Fig. 1B). However, sev- only binds albumin, but also plasma proteins that bind ATP
eral additional peaks could also be attributed either to the and other nucleotides.

formation of singly-charged albumin dimers or to multiply-

charged albumin moleculeFi. 1B and A. 3.3. SELDI-TOF-MS analysis of fractionated rat plasma
3.2. SELDI-TOF-MS analysis of albumin-depleted rat In order to minimize the risk of losing potentially impor-
plasma tant proteins and peptides from the plasma sample in the

course of the sample preparation process, we investigated

The high concentration of RSA in plasma significantly anion-exchange fractionation of plasma as an alternative
decreases the capacity of the protein chip arrays to bindto albumin depletion by dye ligand chromatography. Rat
low-abundance proteins and peptides from plasma for sub-plasma samples were incubated with Q Ceramic HyperD
sequent detection by SELDI-TOF-MS. We therefore tested F anion-exchange resin in low protein binding filter plates.
two different strategies for albumin removal and plasma sam- Peptides and proteins were eluted by a declining pH gra-
ple fractionation. Albumin removal from rat plasma can be dient run as a step gradient using six different agueous
achieved either by dye ligand chromatography with Cibacron buffers, followed by a final elution step with an organic
Blue immobilized onto agarose or by immunoaffinity chro- Wwash buffer. Stepwise elution was preferred for this applica-
matography with specific anti-rat aloumin antibodies bound tion because it is technically simpler and more reproducible
to protein G. Since Cibacron Blue columns have a higher than continuous-gradient elution and can be used with lig-
loading capacity for plasma than antibody-based columns, uid handling workstationgzig. 3shows the molecular mass
we tested how effectively the SwellGel Blue Albumin Re- profile of the different fractions in comparison to the total
moval kit (Pierce) can deplete albumin from rat plasma and unfractionated plasma sampfég. 3illustrates that several
whether albumin depletion increases the number of observ-peptides and proteins appear in the flow through fraction
able peptide and protein signals. Sodium dodecyl sulfate (PH, 9 fraction) as well as in multiple fractions. However,
(SDS)-PAGE analysis of the flow-through fractidfig. 2, a significant number of unique peaks are observed in each
lane 3) clearly shows that a large proportion of albumin fraction that are not apparent in the spectrum of the unfrac-
is removed from the rat plasma sample. SELDI-TOF-MS tionated plasma sample. A similar result was also obtained
analysis of the flow-through fraction yielded an increased from the fractionated spectra in the high-molecular-mass re-
number of peaks in the low molecular weight region' gion (spectra not shown)able 1summarizes the total num-
value up to 30000) and also improved the S/N ratio for the ber of unique peaks that were found in the SELDI-TOF-MS
observed peaks since most of the peptide and protein signalspectra of the fractionated samples. InspectiorTatfle 1
had a S/N ratio greater than 5. In contrast, albumin removal clearly shows that fractionation greatly increases the num-
did not improve the number of observable proteins in the ber of peptide and protein ion signals that could be observed
high molecular weight region and even led to a loss of some by SELDI-TOF-MS, both in comparison to unfraction-
of the less intense protein signals when compared to neatated plasma as well as albumin-depleted plasma. Similar

2 4
kDa A A A
T s
50 —— — x
37—m~u il §-d

25 —— [ —— m" : M--j
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Fig. 2. Albumin depletion of rat plasma with the SwellGel Blue albumin removal kit (Pierce). Lanes: 1-standards; 2—crude serum; 3—depleted serum;
4-bound protein eluted from SwellGel Blue spin column with 1.5M KCI. Samples (@glprotein per lane) were loaded onto a 10% Tris—Tricine
SDS-PAGE gel under denaturing conditions and visualized by staining with colloidal Coomassie Blue G-250. kDa: kilodaltons.
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. . . . . Fig. 4. Replicate SELDI-TOF mass spectra of the pH 5 fraction. Plasma
Fig. 3. Anion-exchange fractionation of rat plasma. Rat plasma peptides . )
) . ) N ) . samples from three different rats (A, B, and C) were fractionated on
and proteins were fractioned as describe®ection 2 Diluted fractions ) . .
two separate filter plates (I, 2) as describedSection 2 Representa-

were allowed to bind to the surface of a WCX2 chip. SELDI-TOF mass .. .
. - . . tive low-molecular-mass SELDI-TOF mass spectra from three different
spectra of peptide and protein ion signals in thiz range 0-30000 are ) . . . o
rats and two fractionation experiments are overlaid to indicate the repro-
shown. .
ducibility of the method.

increases in the total number of unique peptide and protein
signals were also obtained for human plasma and serum samz g inter-animal comparison clearly demonstrates the re-
ples (data not shown). Since it is the goal of any proteomic nroqucibility of this protocol. Minor signal differences
approach to maximize the number of peptides and proteinszre detectable atvz values < 2000, most likely caused
under investigation, we investigated the plasma fractionation by chemical noise that is inherently present in the lower-
protocol further in terms of reproducibility and whether it 5lecular-mass range of both conventional MALDI-TOF
could be successfully applied to the analysis of differential 504 SELDI-TOF mass spectfa2]. In contrast, replicate
protein expression in plasma of retinol-deficient rats. SELDI-TOF mass spectra fan'z values > 2000 detected
the same number of signals with very similar intensities.
3.4. Reproducibility of the anion-exchange fractionation  Fig. 4 also shows that independent fractionations produced
protocol and SELDI-TOF-MS analysis with plasma fractions with nearly identical peptide and protein com-
samples from different rats position. Similar results were also obtained for the other
pH fractions (data not shown). The reproducibility of this
Plasma samples from retinol-sufficient rats were frac- method largely depends on the uniform preparation of the
tionated on two separate filterplates. Replicate SELDI-TOF filter plates with the anion-exchange resin and consistent
mass spectra of each fraction spotted on the same as welfraction collection by vacuum filtration. Since this fraction-
as on different WCX2 chips yielded nearly indistinguish- ation protocol is best carried out in filter plates, it can be
able mass spectra in terms of ion signals and ion signal easily adapted to automation with robotic sample proces-
intensity (data not shown). Furthermore, the fractionation sors. Using filterplates also had the advantage that sample
of plasma samples from different rats on separate filter- handling was minimized and that collected fractions could
plates also resulted in nearly identical mass spectra. Sixeither be analyzed immediately by SELDI-TOF-MS with
representative unnormalized SELDI-TOF mass spectra ofminimal additional sample handling or frozen directly at
the pH 5 fraction are shown ifrig. 4 The intra-animal —80°C for storage.
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3.5. Protein expression profiling of retinol-deficient and 204
retinol-sufficient rats §:: i Suficient _—
£ 1
. . . ) ici —— Sufficient
We wanted to test whether the outlined fractionation pro- 154|208 i ____D:ﬁ:;::
tocol could in combination with SELDI-TOF-MS detect = oD 15800
differential protein expression in plasma samples of animals 2F

with different nutritional status. For this purpose we gen-
erated vitamin A-deficient and vitamin A-sufficient rats ac-
cording to standard protoco]$3]. Plasma samples of each
group were fractionated in triplicate, spotted on WCX2 pro-
tein chips and analyzed by SELDI-TOF-MS. Spectra were
baseline subtracted and normalized to total ion current in the

mass rangaevz 1500-30 000. Each pH fraction was then ana- o0 14000 | 14500 | 15000 s s 0
lyzed for peptide and protein expression differences with the
Biomarker Wizard software tool. Three different proteins at
mz10 693, 15 203 and 18 720 were detected that were foundf'9- &: Protein ex‘?ressi°r}f.d.iﬁe:e”Cez)"]raﬂazmz"fl‘éign;i”Sg;:elﬁecsiem
to be differentiglly exprggsed inthe pH 9 fraCti(_)n of pla_ls_ma \(/:;ere ?r:;;re\gta;g] Q)ztl:eglzg léescribed:ity\ 5 'Ilwo repr.esent;tive
samples of retinol-sufficient samples and retinol-deficient seLpi-TOF mass spectra of the pH 9 fraction are shown. Bold line,
rats (representative SELDI-TOF mass spectra are shown invitamin A-sufficientM, profile; dotted line, vitamin A-deficieril, profile.
Figs. 5—7. Two of the three signals{z, 10 693 and 18 720) Insert: box and whiskers plot of the signal intensity distribution of the
were not detected in unfractionated plasma samples, prob-Peak atmz 15203.

ably due to ion signal suppression effects or to the insuffi-

cient binding capacity of the WCX2 protein chip arrays in 15

Relative Intensity

0.5 4

02

m/z

the presence of high concentrations of albumin. 5;2 Sufficient T E::zf;t
Current research efforts are directed toward the identifi- { [Eos .
cation of the three differentially expressed proteins. On-chip Eg; dacient E /13,720
identification can be achieved by ProteinChip MS-MS anal- . 40 |
ysis of proteolytic digests of proteirf44]. This approach, 2
however, requires that the captured protein of interest is suf- *?_5
ficiently pure. Since multiple peptides and proteins from £
fraction pH 9 were captured on the surface of the WCX2 % 054
protein chip array, identification by on-chip tryptic digestion §
and peptide mapping is not directly possible. Therefore, suc-
oo e
25 18400 18500 18600 18700 18800 18900
1 215 i : — Sufficient m/z
§ Sufficient .
504 g;‘; """ Deficient Fig. 7. Differential protein expression in plasma of vitamin A-deficient
B 10,693 (n = 3) and vitamin A-sufficient{ = 3) rats atm/z 18 720. Two repre-
10600 1&?&0 10800 sentative SELDI-TOF mass spectra of the pH, 9 fraction are shown. Bold

line, vitamin A-sufficientM, profile; dotted line, vitamin A-deficient,
profile. Insert: box and whiskers plot of the signal intensity distribution
of the peak ain/z, 18 720.

Relative Intensity

cessful identification will depend largely on whether these
three low abundance proteins can be significantly enriched
from plasma before they are spotted on protein chip arrays
for on-chip analysis.

m/z

Fig. 5. Differential protein expression in plasma of vitamin A-deficient 4. Conclusions
(n = 3) and vitamin A-sufficient{ = 3) rats atmw/z, 10 693. Samples were

fractionated two times in triplicates and spotted on at least two different SELDI-TOF-MS analysis of crude plasma or serum sam-
WCX2 protein chip arrays. Two representative SELDI-TOF mass spectra

of the pH 9 fraction are shown. Bold line, vitamin A-sufficévii profile; pl_es IS negatlvely aﬁeCteq by the high coqcentratlon of a}lbu'
dotted line, vitamin A-deficienM, profile. Insert: box and whiskers plot ~Min andy-globulins and yields only a fraction of the peptide
of the signal intensity distribution of the peak ratz 10 693. and protein ion signals that are thought to be present. Our
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studies show that anion exchange fractionation of plasmabe easily identified directly from the protein array chips
samples increases the number of unique peptide and pro-and usually require either further enrichment or proteolytic
tein peaks detectable by SELDI-TOF-MS more than three- digestion before SELDI-TOF-MS-MS analysis, this high-
fold when compared to unfractionated plasma samples andthroughput approach can quickly identify differentially ex-
more than two-fold when compared to samples that were pressed peptides and proteins and therefore helps to focus
depleted of albumin by dye ligand chromatography with time and research effort on the most promising biomarker
Cibacron Blue. Most important for differential protein ex- candidates.
pression studies by mass spectrometry, SELDI-TOF mass
spectra of replicate eluted fractions were reproducible in
terms of peptide and protein composition. lon signal inten- References
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