© Med Sci Monit, 2010; 16(9): BR293-299

PMID: 20802405
Received:  2010.05.13
Accepted:  2010.06.15

Published: 2010.09.01

Authors’ Contribution:
I Study Design

I3 Data Collection

A statistical Analysis

11 Data Interpretation

I Manuscript Preparation

I3 Literature Search
I Funds Collection

www.MEDSCIMONIT.coM

MALDI mass spectrometry imaging of proteins
exceeding 30 000 daltons

Julien Franck* ™% Rémi Longuespée* ™% Maxence Wisztorski'®,
Alexandra Van Remoortere?®, René Van Zeijl?%, André Deelder?®,
Michel Salzet'™, Liam McDonnell?™®, |sabelle Fournier'™®

* join first authors

! Université Nord de France, CNRS, MALDI Imaging Team, Laboratoire de Neuroimmunologie et Neurochimie
Evolutives, Université Lille 1, Lille, France

2 Biomolecular Mass Spectrometry Unit, Department of Parasitology, Leiden University Medical Centre, Leiden,
Netherlands

Source of support: Supported by grants from the Centre National de la Recherche Scientifique (CNRS) Direction
de la Politique Industrielle et Institut des Sciences de la Vie (to MS and IF), Ministere de L'Education Nationale,
de L'Enseignement Supérieur et de la Recherche, Agence Nationale de la Recherche (ANR PCV to IF), Institut du
Cancer (INCA to IF)

Background:

Material/Methods:

Results:

Conclusions:

key words:

Summary

Since its introduction 10 years ago by Caprioli and associates, MALDI mass spectrometry imaging
has enabled spatial analysis of drugs, lipids, peptides, and polypeptides. In polypeptides, the de-
tectable mass range is limited to small proteins with a mass less than 25 kDa. This is a limitation, as
many proteins, including cytokines, growth factors, enzymes, and receptors have molecular weights,
exceeding 25 kDa. In the present work, we report the development of a novel strategy to observe
higher mass proteins up to 30 kDa.

We investigated the development of sample preparation methods based on hexafluoroisopropa-
nol (1,1,1,3,3,3-hexaluoro-2-propanol) and 2,2,2-trifluoroethanol solvents for protein solubiliza-
tion optimized for high-mass proteins.

We were, for the first time in mass spectrometry imaging, able to detect to proteins up to 70 kDa
directly from tissue. These developments indicate future avenues by which the sensitivity of pro-
tein mass spectrometry imaging can be further improved. We applied these developments to ovar-
ian cancer and demonstrate that protein are similar to that which can be obtained using 2D gel
based analyses.

Increasing the possibility of detecting proteins and high-mass proteins is key for developing direct
tissue proteomics and especially any potential functional investigation. These data will open the
door of a novel step in mass spectrometry imaging.
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BACKGROUND

After 10 years of continuous development MALDI mass spec-
trometry imaging (MSI) has become a powerful and versa-
tile tool for analyzing different classes of endogenous and
exogenous molecules [1,2]. It has become an established
technology for imaging drugs and their metabolites [3,4];
molecular images of peptides and small proteins up to 25
kDa can be routinely obtained [2,5-8]; and recently, major
improvements have also been reported for imaging lipids
[9-13]. However, proteins exceeding 25 kDa are not rou-
tinely detected by MALDI MSI. This represents a real meth-
odologic limitation, as many classes of proteins with impor-
tant biological activities — such as most cytokines, growth
factors, enzymes, receptors, proproteins, and neuropep-
tide precursors — are larger than 25 kDa. Two recent arti-
cles reported sample preparation methods that enable MSI
of higher mass proteins [14,15]. The first method uses ex-
tensive water washing procedures to deplete abundant solu-
ble proteins followed by automated application of a matrix
solution containing a high percentage of organic solvent.
This sample preparation allowed detection of a 28-kDa in-
tegral crystalline lens membrane protein [14]. In the sec-
ond approach, a matrix application protocol using Triton
X-100 was shown to help detect proteins ranging from m/z
25 000 to 50 000 [15].

These observations suggest several lines of reasoning for the
lack of sensitivity for higher mass proteins, which can be ex-
ploited for the further development of sample preparation
methods. The use of organic solvents or Triton X-100 sug-
gests higher mass proteins may not be detected, because
they are not efficiently solubilized in the matrix solution
and consequently, are not extracted from the tissue. The
detection of higher mass proteins after depletion of abun-
dant soluble proteins suggests competition with the abun-
dant proteins for incorporation into the matrix crystals
and/or ionization in the MALDI process (suppression ef-
fects [16]) may be another reason limiting routine detec-
tion of higher mass proteins.

MALDI predominantly generates singly charged protein
ions, so a high-mass protein ion will be detected at high
m/z The technology typically used for protein MSI, a time-
of-flight mass spectrometer equipped with a micro-channel
plate (MCP) detector, is not well-suited to the detection of
high m/zions. The initial impact of an ion onto the detector
releases some electrons, which are then amplified through
the MCP to generate the signal. The MCP detection process
is known to favor lower m/zions because the ion to electron
conversion efficiency is nonlinearly dependent on veloci-
ty; exhibiting a threshold velocity below which no signal is
obtained, then increasing rapidly with increasing velocity
before reaching a plateau in which detector response is in-
sensitive to increasing velocity [17].

In TOF analyzers, ion velocity is inversely proportional to the
square root of the m/z ratio. Ions of high m/z may not be de-
tected within the optimum detection-efficiency plateau and
thus generate less detector signal. Furthermore, MCP detec-
tors have a finite amplification potential within any single
time-of-flight scan. Lower mass ions, detected first, can sat-
urate the detector leading to even lower detection efficien-
cies for higher mass ions. In typical MALDI applications in

proteomics, such as peptide fingerprinting and LC-MALDI,
high-mass insensitivity is rarely a problem because complex
mixtures of proteins with masses above 20 000 are not an-
alyzed. The tissue sections analyzed by MALDI MSI can re-
sult in a significant background, which is more intense in
the low-mass region but continues throughout the entire
mass range [18]. If detecting a wide mass range this back-
ground, as well as peptide/protein ions of lower mass, can
saturate the MCP detector and further decrease the detec-
tion efficiency for higher mass protein ions.

In the present paper, we have investigated the development
of sample preparation methods based on hexafluoroisopro-
panol (1,1,1,3,3,3-hexaluoro-2-propanol, HFIP) [19,20] and
2,2 2-trifluoroethanol (TFE) solvents for protein solubiliza-
tion optimized for high-mass proteins. Using these sample
preparation procedures proteins, up to 70 kDa were detect-
ed. This opens the door of protein biomarkers tracking di-
rectly from tissue without any extraction keeping their tis-
sue localization.

MATERIAL AND METHODS

Materials

Sinapinic acid (SA), 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP), trifluoracetic acid (TFA), 2,2,2-Trifluoroethanol
(TFE), ethanol (ETOH), acetone, acetonitrile (ACN), chloro-
form, water CHROMASOLY plus for HPLC (H20) were pur-
chased from Sigma-Aldrich (Saint Quentin Fallavier, France).

Samples
Rodent brains

Adult male Wistar rats weighing 250 to 350 g and adult, male,
wild-type mice weighing 30 to 50 g (animal use accredita-
tion by the French ministry of the agriculture No. 04860)
maintained under standard care were used. Animals were
killed by decapitation and immediately dissected to remove
the brain, which was then flash frozen in liquid nitrogen
and stored at —80°C.

Ovarian biopsies

Tissues, ascites, and cystic fluids were obtained with in-
formed consent and institutional review board approval
(CCPPRBM Lille: CP 05/83), from patients undergoing ovar-
ian tumor resection at Hospital Jeanne de Flandre (Lille,
France). Patient information was collected, including sex,
age, treatment received before and after surgery, extent of
surgery, current status (alive, alive with progressive disease,
deceased, and cause of death), and survival from the time
of original pathologic diagnosis. Samples were collected
at the time of surgery, immediately frozen, and stored at
—-80°C until analysis.

Tissue preparation
Animal brains and ovarian biopsies
Thin 10- to 12-pm tissue sections were cut from frozen rat/

mouse brains and ovarian biopsies using a Leica CM1510S
cryostat (Leica Microsystems, Nanterre, France) and placed
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onto ITO-coated conductive glass slides (Bruker Daltonics,
Bremen, Germany). For ovarian biopsies, histopathologic
diagnoses were performed by a pathologist, blinded to the
original clinical diagnosis, from adjacent H&E-stained sec-
tions. Tissue sections were submitted to different washing
steps to remove salts and abundant lipids. Each tissue section
were first immersed in a bath of cold acetone [21] for 30 sec-
onds followed by a bath of cold ETOH 95% [22] for 30 sec-
onds, and finally immersed in chloroform (21) for 1 minute.

MALDI MSI and profiling

Five mL of a solution containing 10 mg/mL of SA in
AcN/aqueous TFA 0.1% (7:3, v/v) was prepared. The so-
lution was deposited on to the tissue using an automatic
sprayer (ImagePrep, Bruker Daltonics). Molecular images
were acquired on an UltraFlex I MALDI-TOF/TOF instru-
ment (Bruker Daltonics) equipped with a Micro-Channel
Plate (MCP) detector. The instrument is equipped with a
Smartbeam laser and is controlled by FlexControl 3.0 (Build
158) software (Bruker Daltonics). All protein spectra were
processed with FlexAnalysis 3.0 (Bruker Daltonics) using
the Top Hat baseline subtraction method and 4 cycles of
Gauss smoothing with a width of 2 m/z.

Mass spectrometry imaging datasets were recorded in posi-
tive ion, linear time-of-flight mode, and averaged at 1000 la-
ser shots for each position. Analysis of higher mass proteins
required higher laser fluencies. Typically, for these experi-
ments, the laser offset was set to 30%, laser range 20%, laser
fluence 70%, and the laser focus set to medium. The images
were acquired following a raster of 200 by 200 pm and recon-
structed using FlexImaging 2.1 (Build 15) (Bruker Daltonics).

High-mass protein profiling

Two sample preparation procedures were developed. In
the first procedure, a micropipette was used to deposit a
droplet of 10 mg/mL SA in pure HFIP followed by a drop-
let of 20 mg/mL SA in AcN: 0.1% TFA (7:3, v/v). In the
second procedure, a droplet of TFE: 20% TFA (1:1, v/v)
was deposited onto the tissue, then a droplet of 20 mg/mL
SA in ETOH: 0.1% TFA (9:1, v/v), and finally a droplet of
10 mg/mL SA in AcN: 0.1% TFA (7:3,v/v).

High-mass protein MSI
Automatic spraying

Asolution of 10 mg/mL SA in TFE: 10% TFA (1:1, v: v) was
first deposited on to a rat brain tissue section using 20 cy-
cles of spraying for 1.5 seconds and drying for 30 seconds.
A solution of 10 mg/mL SA in ETOH: 0.1% TFA (9:1,v/v),
which was deposited after a final solution of 5 mg/mL SA
in AcN: 0.1% TFA (7:3, v/v) using the same spraying meth-
od. High-mass protein analysis also was performed after im-
aging low mass polar proteins by removing the matrix from
the tissue section with a bath of MeOH: H,O (1:1, v/v) for
1 minute, and then applying the high-mass matrix solution.

Automatic micro-spotting

A chemical inkjet printer (CHIP-1000, Shimadzu, Kyoto,
Japan) was used to sequentially deposit arrays of nl-sized

Figure 1. MALDI MSI of proteins obtained from a rat brain tissue
section prepared by automatic spraying of the matrix
solution 10 mg/ml SAin AcN: 0.1% TFA (7:3, v/v). (A)
Optical image of the tissue section, (B) overlaid molecular
images of protein ions detected at m/z 6717, 7538 and 14
123, (€) molecular images of protein ions detected at m/z 6
717,7 063, 7 538, 8 466, 14 123 and 18 407.

droplets of matrix solutions with a 300-pm pitch on to a rat
brain tissue section. Fifteen nl of a solution of 10 mg/mL
SA in TFE: 10% TFA (1:1, v/v) was first deposited onto the
tissue, followed by 10 nl of a solution of 10 mg/mL SA in
ETOH: 0.1% TFA (9:1, v/v), and finally by 15 nl of a solu-
tion of 5 mg/mL SA in AcN: 0.1% TFA (7:3, v/v).

RESULTS

MALDI MSI of proteins

In MALDI MS as well as in MALDI MSI, proteins are typi-
cally analyzed using SA as matrix in a polar solvent such as
AcN: 0.1% TFA. Figure 1 shows protein MSI measurements
from a rat brain tissue section prepared using automatic
spray deposit of the matrix solution 10 mg/mL SA in AcN:
0.1% TFA (7:3,v/v). These conditions generate a thin, ho-
mogenous layer of small crystals covering the tissue section
and enabling images with specific distributions to be record-
ed (Figures 1A,C). Such sample preparation conditions are
typically for high spatial fidelity MSI of proteins in tissue;
however, only a restricted number of proteins and within a
restricted mass range are typically observed, with most pro-
tein signals below m/z 25 000.

It has been shown that washing the tissue sections with or-
ganic solvents such as chloroform [21] and ETOH [22,23]
before depositing the matrix provides spectra with a high-
er intensity and more protein signals in the mass range up
to 20 000, and that Liam images can be obtained showing
the specific location of the proteins. Without the organic
wash, only a few proteins could be detected (Figure 2) that
have a relatively low intensity and signal/noise ratio. In con-
trast, spectra acquired from tissue prewashed with organ-
ic solvents from an adjacent rat brain tissue section, show a
high number of intense protein signals up to m/z 20 000 and
a few protein signals with lower intensity above 20 000 m/z
(Figure 2). This effect has been attributed to the removal
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Figure 2. MALDI Mass spectra from rat brain tissue sections prepared
by deposition of the matrix solution 10 mg/ml SA in AcN:
0.1%TFA (7:3, v/v). (R) unwashed tissue, and (B) tissue
prewashed with successive baths of cold acetone, cold 95%
EtOH, and chloroform prior to matrix deposition.

of salts and small organic compounds such as abundant lip-
ids that lead to ion suppression effects [16]. Nevertheless,
even with organic washes, protein signals above m/z 20 000
were either detected with very low intensity or not at all.

Sample preparation for high-mass profiling

In typical tissue proteomics experiments, protein extrac-
tion involves different steps to disrupt noncovalent in-
teractions and separate the proteins from other mole-
cules. The main interactions are noncovalent, including
ionic, hydrogen bonds, and hydrophobic interactions.
Hydrophobic interactions can be disrupted by using com-
pounds or solvents that provide a competing hydropho-
bic environment or that disrupt protein structure (cha-
otropes). In polar solvents or pure water, a hydrophobic
environment is created by detergents such as Triton X100
or SDS [24], and protein structures can be disrupted by
chaotropes such as urea [25]. However, the high concen-
trations of detergents and chaotropes required for solu-
bilization are mostly incompatible with MALDI mass spec-
trometry. Finally, denaturation of proteins by changing the
solvent’s pH has been shown to solubilize proteins with
an efficiency close to that of SDS-based extraction [26].
With this background in mind, several procedures were
investigated to improve protein solubilization, and thus,
extraction and sensitivity.

05
u"w

00 10000 20000 30000 40000 50000 60000 70000

mz

Figure 3. Mass spectra acquired from a rat brain tissue section after
(R) TFE treatment and (B) HFIP treatment.

Initial experiments involved using a micropipette to depos-
ita 10% TFA solution onto a rat brain tissue sections to de-
nature the proteins. A matrix solution of 20 mg/mL SA in
AcN: 0.1% TFA (7:3, v/v) was then deposited onto the tis-
sue. Close examination of the mass spectra obtained with
this sample preparation method revealed no notable im-
provements. In a second study, the MSI compatible deter-
gent octyl beta-D-glucopyranoside [27] was investigated. A
solution of 10% TFA (aq.) containing 1% detergent was de-
posited onto rat brain tissue sections and subsequently cov-
ered with the same SA matrix solution. The mass spectra
recorded using this second protocol also did not show any
notable improvement compared with those obtained with-
out any such treatment.

The matrix solution normally used to extract proteins from
the tissue is based on the polar solvents AcN and 0.1% TFA
(aq.). AcN is a relatively hydrophobic solvent known to solu-
bilize many proteins of intermediate hydrophobicity. It was
then investigated if the hydrophobic solvents TFE [28,29]
and HFIP [30], which have been used to extract membrane
proteins [31-33] and high-mass proteins [34], could aid in
detecting high proteins directly from tissue.

A solution of 20% TFA: TFE (1:1, v/v) was deposited onto
the tissue section to extract the proteins from the tissue. In
MALDI, co-crystallization of proteins with the matrix is cru-
cial for their analysis. As SA is not soluble in TFE, another
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Figure 4. Mass spectra acquired from a rat brain tissue section
after deposition of (A) SAin AcN: 0.1% TFA (7:3, v/v), and
after removal of the first matrix coating followed by HFIP
treatment (B) or TFE treatment (C).

solvent was used to dissolve the matrix. After the TFE treat-
ment, 10 pL of the solution 20 mg/mL SA in ETOH: 0.1%
TFA (9:1, v/v) was deposited onto the tissue to co-crystal-
lize the proteins with the matrix. However, this led to for-
mation of large matrix crystals and a dramatic increase in
chemical noise in the mass spectra. Recrystallization of
the large matrix crystals by addition of a third solution,
20 mg/mL SA in AcN: 0.1% TFA (7:3,v/v), produced small
white matrix crystals containing higher mass proteins. Mass
spectra recorded from rat brain tissue sections after the
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Figure 5. Mass spectra acquired from ovarian cancer tissue after
deposition of (A) 20 mg/ml SAin AcN: 0.1%TFA (7:3,
v/v), and after subsequent matrix removal and HFIP
treatment (B).

complete 3-step procedure contained protein signals up
to m/z50 000 with good S/N (Figure 3A). In comparison,
spectra from an adjacent tissue section that was not pre-
pared using the 3-step TFE procedure contained no ions
above m/z 30 000.

The number of steps needed for denaturation, extraction,
and incorporation of high-mass proteins in matrix crys-
tals using TFE makes it quite impractical for MSI. The sol-
vent HFIP is known for its extraction efficiency of hydro-
phobic proteins and was found to be an excellent solvent
of the matrix SA; therefore, enabling direct co-crystalliza-
tion with high-mass proteins. It was found that high-mass
proteins could be detected by depositing the matrix solu-
tion 20 mg/mL SA in pure HFIP, followed by addition of
the recrystallization solution 20 mg/mL SA in AcN: 0.1%
TFA (7:3, v/v). This led to detecting the higher mass pro-
teins, up to m/z 70 000, with higher sensitivity and higher
reproducibility than were obtained using the TFE proce-
dure (Figure 3B).
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Table 1. Molecular masses of peaks found in MALDI MSI after using the HFIP high-mass protein sample preparation that are consistent with known

ovarian cancer protein biomarkers.

Molecular mass (Da) determined

Molecular mass (Da) protein

Protein name by MALDI MSI with high-mass ., .- . . References
identified in ovarian cancer
procedure

Tetranectin (CAA45860) 17775 17776 [36-39]

Neutrophil gelatinase-associated lipocalin 27576 27571 [40]
precursor

Plasma retinol-binding protein precursor 22986 22990 [41]
Metalloproteinase inhibitor 1 precursor 23152 23153 [42]
Kallikrein 5 Precursor 26 842 26838 [43]

Isoform 1 of Urokinase plasminogen activator 36940 36949 [44.45]

surface receptor precursor

Figure 4 indicates that detecting high-mass proteins from
tissue requires specific treatments using hydrophobic sol-
vents. Smaller, polar proteins could be detected before
high-mass protein analysis by sequential sample prepara-
tion and MSI analysis of the same tissue section. Rat brain
tissue sections were first prepared using a solution contain-
ing 20 mg/mL SA in AcN: 0.1% TFA (7:3, v/v). After an-
alyzing the tissue section, the matrix was removed by im-
mersing the tissue in a bath of MeOH: H,0 (1:1, v/v) for
1 minute. The tissue was then dried, and the TFE or HFIP
treatment applied. The spectrum obtained after the first
matrix preparation, before TFE/HFIP treatment, includ-
ed only low-mass proteins up to m/z 20 000 (Figure 4A).
After removing the first matrix layer and HFIP/TFE treat-
ment, high-mass proteins up to m/z 70 000 were obtained
(Figure 4B,C). This strategy offers new perspectives for pro-
tein analysis and imaging from tissue sections by allowing,
for the first time, measurement of small polar proteins fol-
lowed by higher mass proteins.

Application in pathological proteomics: biomarker
analysis

Recently, our group has applied MALDI MSI for biomark-
er research of ovarian cancer. MALDI MSI allowed detec-
tion of different markers, including the Cter fragment of
the immunoproteasome 11s (m/z 9744) as a biomarker for
serious cancers [35]. We tested high-mass sample prepara-
tion procedures on ovarian cancer biopsy samples to de-
termine if additional proteins could be detected. This was
performed as a second MSI experiment to retain the lower
mass polar proteins provided by the standard sample prep-
aration procedures. 10 pl of the solution 20 mg/mL SA in
AcN: 0.1% TFA (7:3, v/v) was deposited onto an ovarian
cancer biopsy tissue section. As shown in Figure 5A, many
small, polar proteins were detected up to m/z 30 000 but few
were found above this mass. After removal of this matrix us-
ing a bath of MeOH: H,O (1:1, v/v), the HFIP procedure
was applied. Figure 5B shows the MS spectrum obtained af-
ter HFIP treatment, the number of peaks detected in the
m/z20 000-50 000 range has clearly increased. Some masses
are in line with ones detected in classic proteomics (Table
1). Future investigations will determine if the higher mass

proteins released using the new sample preparation strate-
gies include new candidate biomarker proteins.

DIScCusSION

To date, protein MSI of tissue sections has been limited to
lower mass proteins. In this study, we developed new sam-
ples preparation protocols by improving protein extraction
from the tissue. It was demonstrated that highly hydropho-
bic solvents HFIP and TFE enabled high-mass proteins to be
detected, even without the high-mass detector. These treat-
ments led to detection of proteins up to m/z 70000. High-
mass procedures can be implemented after a regular MSI
experiment of small, polar proteins to increase the num-
ber of proteins detected and to expand the mass range of
proteins included in the analysis. This was performed with
rat brain tissue and with ovarian cancer biopsy tissue, and
demonstrated that small, polar proteins (first MSI experi-
ment) and higher mass proteins (second MSI experiment)
can be sequentially analyzed in a single tissue. The higher
mass proteins made available by these strategies increase the
possibility of detecting new candidate biomarkers.

CONCLUSIONS

Targeted chemical treatments are needed to improve pro-
tein extraction from tissue and to incorporate them into the
matrix crystals. Future work will concentrate on improving
protein sensitivity and translating these sensitivities to MSI,
in which the need to minimize protein delocalization can
reduce protein extraction efficiency.

REFERENCES:

1. McDonnell LA, Heeren RM: Imaging mass spectrometry. Mass Spectrom
Rev, 2007; 26: 606-43
2. Fournier L., Wisztorski M, Salzet M: Tissue imaging using MALDI-MS:
a new frontier of histopathology proteomics. Expert Rev Proteomics,
2008; 5: 413-24
. Reyzer ML, Caprioli RM: MALDI-MS-based imaging of small molecules
and proteins in tissues. Curr Opin Chem Biol, 2007; 11: 29-35

©o

4. Rubakhin SS, Jurchen JC, Monroe EB, Sweedler JV: Imaging mass spec-
trometry: fundamentals and applications to drug discovery. Drug Discov
Today, 2005; 10: 823-37

BR298



Med Sci Monit, 2010; 16(9): BR293-299

Franck J et al - MALDI imaging of high mass protein

ot

=2

N}

el

=}

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Chaurand P, Norris JL, Cornett DS et al: New developments in profil-

ing and imaging of proteins from tissue sections by MALDI mass spec-
trometry. ] Proteome Res, 2006; 5: 2889-900

. Chaurand P, Sanders ME, Jensen RA, Caprioli RM: Proteomics in diag-

nostic pathology: profiling and imaging proteins directly in tissue sec-
tions. Am J Pathol, 2004; 165: 1057-68

. Chaurand P, Schwartz SA, Caprioli RM: Imaging mass spectrometry: a

new tool to investigate the spatial organization of peptides and proteins
in mammalian tissue sections. Curr Opin Chem Biol, 2002; 6: 676-81

. Franck J, Arafah K, Elayed M et al: MALDI IMAGING: State of the art

technology in clinical proteomics. Mol Cell Proteomics, 2009; 8(9):
2023-33

. Burnum KE, Cornett DS, Puolitaival SM et al: Spatial and temporal al-

terations of phospholipids determined by mass spectrometry during
mouse embryo implantation. | Lipid Res, 2009; 50(11): 2290-98

. Dreisewerd K, Lemaire R, Pohlentz G et al: Molecular profiling of na-

tive and matrix-coated tissue slices from rat brain by infrared and ultra-
violet laser desorption/ionization orthogonal time-of-flight mass spec-
trometry. Anal Chem, 2007; 79: 2463-71

. Woods AS, Wang HY, Jackson SN: A snapshot of tissue glycerolipids.

Curr Pharm Des, 2007; 13: 3344-56

. Sugiura Y, Konishi Y, Zaima N et al: Visualization of the cell-selective

distribution of PUFA-containing phosphatidylcholines in mouse brain
by imaging mass spectrometry. ] Lipid Res, 2009; 50(9): 1776-88

. Murphy RC, Hankin JA, Barkley RM: Imaging of lipid species by MALDI

mass spectrometry. ] Lipid Res, 2009; 50 (Suppl): $317-22

. Grey AC, Chaurand P, Caprioli RM, Schey KL: MALDI Imaging Mass

Spectrometry of Integral Membrane Proteins from Ocular Lens and
Retinal Tissue. ] Proteome Res, 2009; 8: 3278-83

. Leinweber BD, Tsaprailis G, Monks TJ, Lau SS: Improved MALDI-TOF

imaging yields increased protein signals at high molecular mass. ] Am
Soc Mass Spectrom, 2009; 20: 89-95

. Cohen SL, Chait BT: Influence of matrix solution conditions on the

MALDI-MS analysis of peptides and proteins. Anal Chem, 1996; 68:
31-37

. Gilmore IS, Seah MP: Ion detection efficiency in SIMS: dependencies

on energy, mass and composition for microchannel plates used in mass
spectrometry. Int ] Mass Spectrom, 2000; 202: 217-29

Norris JL, Cornett DS, Mobley JA et al: Processing MALDI Mass Spectra
to Improve Mass Spectral Direct Tissue Analysis. Int ] Mass Spectrom,
2007; 260: 212-21

Redeby T, Roeraade ], Emmer A: Simple fabrication of a structured ma-
trix-assisted laser desorption/ionization target coating for increased
sensitivity in mass spectrometric analysis of membrane proteins. Rapid
Commun Mass Spectrom, 2004; 18: 1161-66

Redeby T, Carr H, Bjork M, Emmer A: A screening procedure for the
solubilization of chloroplast membrane proteins from the marine green
macroalga Ulva lactuca using RP-HPLC-MALDI-MS. Int ] Biol Macromol,
2006; 39: 29-36

Lemaire R, Wisztorski M, Desmons A et al: MALDI-MS direct tissue anal-
ysis of proteins: Improving signal sensitivity using organic treatments.
Anal Chem, 2006; 78: 7145-53

Seeley EH, Oppenheimer SR, Mi D et al: Enhancement of protein sen-
sitivity for MALDI imaging mass spectrometry after chemical treatment
of tissue sections. ] Am Soc Mass Spectrom, 2008; 19: 1069-77

Schwartz SA, Reyzer ML, Caprioli RM: Direct tissue analysis using ma-
trix-assisted laser desorption/ionization mass spectrometry: practical
aspects of sample preparation. ] Mass Spectrom, 2003; 38: 699-708

Ames GF, Nikaido K: Two-dimensional gel electrophoresis of membrane
proteins. Biochemistry, 1976; 15: 61623

Herskovits TT, Jaillet H, Gadegbeku B: On the structural stability and
solvent denaturation of proteins. II. Denaturation by the ureas. J Biol
Chem, 1970; 245: 4544-50

Horst MN, Basha SM, Baumbach GA et al: Alkaline urea solubilization,
two-dimensional electrophoresis and lectin staining of mammalian cell

plasma membrane and plant seed proteins. Anal Biochem, 1980; 102:
399-408

PN

2

29.

30.

3

—

3

o

33.

34.

35.

36.

37.

39.

40.

4

—

4

o

4

3%

44.

45.

. Djidja MC, Francese S, Loadman PM et al: Detergent addition to tryp-

tic digests and ion mobility separation prior to MS/MS improves pep-
tide yield and protein identification for in situ proteomic investigation
of frozen and formalin-fixed paraffin-embedded adenocarcinoma tis-
sue sections. Proteomics, 2009; 9: 2750-63

. Zhang H, Lin Q, Ponnusamy S et al: Differential recovery of membrane

proteins after extraction by aqueous methanol and trifluoroethanol.
Proteomics, 2007; 7: 1654—63

Wang H, Qian W], Mottaz HM et al: Development and evaluation of a mi-
cro- and nanoscale proteomic sample preparation method. J Proteome
Res, 2005; 4: 2397403

Redeby T, Emmer A: Membrane protein and peptide sample handling
for MS analysis using a structured MALDI target. Anal Bioanal Chem,
2005; 381: 225-32

. Chertov O, Biragyn A, Kwak LW et al: Organic solvent extraction of

proteins and peptides from serum as an effective sample preparation
for detection and identification of biomarkers by mass spectrometry.
Proteomics, 2004; 4: 1195-203

. Ferro M, Seigneurin-Berny D, Rolland N et al: Organic solvent extrac-

tion as a versatile procedure to identify hydrophobic chloroplast mem-
brane proteins. Electrophoresis, 2000; 21: 3517-26

Wang W, Guo T, Rudnick PA et al: Membrane proteome analysis of mi-
crodissected ovarian tumor tissues using capillary isoelectric focusing/
reversed-phase liquid chromatography-tandem MS. Anal Chem, 2007;
79: 1002-9

Thompson MR, Chourey K, Froelich JM et al: Experimental Approach
for Deep Proteome Measurements from Small-Scale Microbial Biomass
Samples. Anal Chem, 2008; 80: 9517-25

Lemaire R, Menguellet SA, Stauber ] et al: Specific MALDI imaging and
profiling for biomarker hunting and validation: fragment of the 118
proteasome activator complex, Reg alpha fragment, is a new potential
ovary cancer biomarker. J Proteome Res, 2007; 6: 4127-34

Begum FD, Hogdall CK, Kjaer SK et al: The prognostic value of plas-
ma soluble urokinase plasminogen activator receptor (suPAR) levels in
stage I1I ovarian cancer patients. Anticancer Res, 2004; 24: 1981-85

Deng X, Hogdall EV, Hogdall CK et al: The prognostic value of pre-
therapeutic tetranectin and CA-125 in patients with relapse of ovarian
cancer. Gynecol Oncol, 2000; 79: 416-19

. Hogdall EV, Hogdall CK, Tingulstad S et al: Predictive values of serum

tumour markers tetranectin, OVX1, CASA and CA125 in patients with
a pelvic mass. Int ] Cancer, 2000; 89: 519-23

Lundstrom MS, Hogdall CK, Nielsen AL, Nyholm HC: Serum tetranec-
tin and CA125 in endometrial adenocarcinoma. Anticancer Res, 2000;
20: 3903-6

Lim R, Ahmed N, Borregaard N et al: Neutrophil gelatinase-associat-
ed lipocalin (NGAL) an early-screening biomarker for ovarian cancer:
NGAL is associated with epidermal growth factor-induced epithelio-
mesenchymal transition. Int J Cancer, 2007; 120: 2426-34

. Gericke B, Raila ], Sehouli J et al: Microheterogeneity of transthyre-

tin in serum and ascitic fluid of ovarian cancer patients. BMC Cancer,
2005; 5: 133

. Rauvala M, Puistola U, Turpeenniemi-Hujanen T: Gelatinases and their

tissue inhibitors in ovarian tumors; TIMP-1 is a predictive as well as a
prognostic factor. Gynecol Oncol, 2005; 99: 656-63

. Diamandis EP, Borgono CA, Scorilas A et al: Inmunofluorometric quan-

tification of human kallikrein 5 expression in ovarian cancer cytosols
and its association with unfavorable patient prognosis. Tumour Biol,
2003; 24: 299-309

Pedersen N, Schmitt M, Ronne E et al: A ligand-free, soluble urokinase
receptor is present in the ascitic fluid from patients with ovarian can-
cer. ] Clin Invest, 2003; 92: 2160-67

Sier CF, Stephens R, Bizik ] et al: The level of urokinase-type plasmino-
gen activator receptor is increased in serum of ovarian cancer patients.
Cancer Res, 1998; 58: 1843-49

BR299



