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Abstract

We report on the identification of phosphorylated subunits of yeast mitochondrial ATPase using a novel screening technique in combinatior
with BN/SDS-PAGE. Protein complexes present in yeast mitochondrial membranes were separated in their native state in the first dimension ar
their subunit composition was resolved by SDS-PAGE in the second dimension. Laser ablation inductively coupled plasma mass spectromett
(LA-ICP-MS) was used to rapidly screen for the presence of phosphorus in the subunits. The detection limits of elements investigated in selecte
protein spots are in the lowg g~ concentration range. Sulfur was used as the internal standard element for quantification. Phosphorus was
detected in two of the proteins, that were identified by matrix-assisted laser desorption/ionization Fourier transform ion cyclotron res@ance mas
spectrometry (MALDI-FTICR-MS) as subunits Atplp and Atp2p of the ATPase. These results were confirmed by Western blot analysis using
antibodies directed against phosphorylated amino acids. The combination of LA-ICP—MS and MALDI-FTICR-MS with BN/SDS-PAGE provides
a fast and sensitive tool for structure analysis of phosphorus and metal-containing subunits of membrane protein complexes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction units [2-5]. BN/SDS-PAGE is widely applied in the field of
mitochondrial research as it allows separation of the abundant
Many proteomic studies are currently in progress to unravehigh molecular mass enzyme complexes of the inner membrane.
networks of cellular proteins. The protein mixtures from whole In addition to the identification of proteins, analysis of post-
cells, organelles or purified protein complexes are usually segranslational modifications like phosphorylation or metal bind-
arated by 2D (IEF/SDS) gel-electrophoresis prior to the idening is required to understand the physiological functions of
tification of single proteins by matrix-assisted laser desorpproteing6—8]. Reversible protein phosphorylationis a key deter-
tion/ionization mass spectrometry (MALDI-MS). While this minantin many fundamental cellular functions, such as survival,
protocol has been proven to be very successful to analyze soldifferentiation, structural organization, stress responses and it
ble proteing1], analysis of membrane proteins often encounterss relevant for many pathophysiological processes in carcino-
problems, and proteins may escape from detection. Blue nativgenesis or neurodegenerative dised8gsSimilarly, metals as
(BN)-PAGE is a powerful method to separate high molecularcofactors of proteins play important roles for a variety of cellular
mass membrane complexes in their native state. SDS-PAGE asocesses. The determination of phosphorus and metal concen-
the second dimension allows the identification of complex subtration in very small amounts of protein samples as is the case
of protein spots of analytical gels is a challenging task of analyt-
ical chemistry[10-12] We use yeast mitochondria as a model
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in mitochondrial enzyme complexes. It is well known that mito- during formation using Ar as the collision gas. lons generated
chondria as the site of aerobic energy metabolism in eukaryotiby 20 laser shots were accumulated in the hexapole at 15V and
cells harbour a number of proteins, which carry metal ions (e.gextracted at 7 V into the analyzer cell. A 100 mgthkolution
copper, iron and zinc ions) as essential cofactors. By contraspf 2,5-dihydroxybenzoic acid (DHB, Aldrich, Germany) in ace-
the physiological role of protein phosphorylation in yeast mito-tonitrile — 0.1% trifluoroacetic acid in water (2:1) — was used as
chondria is largely unknown and remains to be elucidated. Athe matrix. A volume of 0.;ul of matrix solution and 0.p.l of
present only few phosphorylated proteins in yeast mitochonsample solution was mixed on the stainless-steel MALDI sample
dria are known. Information on kinases and phosphatases, thiarget and allowed to dry.
enzymes that catalyze phosphorylation and dephosphorylation
of mitochondrial proteins, respectively, are very limited. 2.3. Protein separation by two-dimensional gel

The aim of our investigations is to use a screening techniquelectrophoresis
forthe determination of (e.g., P, Fe, Zn, Cu) in protein spots from
two-dimensional polyacrylamide gels obtained after BN/SDS- The proposed combination of atomic mass spectrometry
PAGE by laser ablation inductively coupled plasma mass spedLA—ICP—MS) together with molecular mass spectrometry
trometry (LA-ICP-SFMS) and to combine LA-ICP-MS with (MALDI-FTICR-MS) was tested on yeast mitochondrial pro-
MALDI-FTICR-MS for structure analysis of phosphorus andtein complexes, which were separated by blue native gel elec-
metal containing proteins. trophoresis (BN-PAGHZ2]), followed by an electrophoresis

We combined BN/SDS-PAGE with LA-ICP-MS and under denaturing conditions (SDS-PAGE) in the second dimen-
MALDI-FTICR-MS in order to analyze yeast mitochondrial sion. The gels were stained with silver or Coomassie blue. For
ATPase sub-units for the presence of physiologically relevanpreparative BN-PAGE, 10 gel slots were loaded with g0
elements. This novel screening technigue led to the identifimitochondria lysed by digitonin. After electrophoresis protein
cation of phosphorylated ATPase subunits, a so far unknowhands corresponding to the ATPase mono- or dimer were sliced,

modification of this enzyme in yeast. pooled and subjected to SDS-PAGE for separation of its sub-
units.
2. Experimental The combination of LA-ICP-SFMS with high-resolution

MALDI-FTICR-MS was used as a suitable tool for protein iden-
2.1. LA-ICP-MS instrumentation
BN-PAGE

A double focusing sector field ICP-MS (ICP-SFMS, ELE- 5% 130
MENT, Finnigan MAT, Bremen, Germany) coupled with a com- ”i" {‘i” 41” 18 D=
mercial laser ablation system LSX 200 (CETAC LSX 200, Cetac
Technologies, Omaha, NE, USA) was used for the micro-local
analysis of phosphorus and sulfur, silicon and selected metals in
protein spots on polyacrylamide gels. The ablated material was
transported by argon as a carrier gas into the inductively cou-
pled plasma (ICP). The ions formed in the ICP were extracted
in the sector field mass spectrometer and separated according
to their mass-to-charge ratios. To separate interfering molecu-
lar ions from atomic ions'P*, 325*, 28gj+ 27A1* 63Cyt and
647n* all LA-ICP-SFMS measurements were performed at a
mass resolutiom/Am of 4000. Selected protein spots marked
by silver staining were analyzed by an optimized micro-local
analysis. The quantification of analytical data was performed
using sulfur as internal standard element.
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SDS-PAGE

2.2. MALDI-FTICR-MS instrumentation
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Proteins of interest are identified by MALDI-FTICR-MS. s o
MALDI-FTICR-MS measurements on protein samples after ; D51
separation by 2D gel electrophoresis and subsequent tryptic in-
gel digestion were performed with a Bruker Apex Il FTICR -

instrument equipped with an actively shielded 7T supercon-
ducting magnet, a cylindrical infinity ICR analyzer cell, and an Fig. 1. Yeast mitoch.ondrial enzyme complexes were isolated by BN.-PAGE ina
external MALDI ion source. A detailed description ofthisinstru- 5-13% polyacrylamide gel. Subsequently, subunits were separated in the second

. . dimension under denaturing conditions (SDS-PAGE), and proteins were visu-
mentation has been given eISEWhB@]' The MALDI source alized by silver-staining. The positions of the monomeriq Kgf) and dimeric

with pulsed nitrogen laser is operated at 337 nm, and ions arg; ry],) form of ATPase are marked. Numbers indicate spots selected for anal-
directly desorbed into a hexapole ion guide while being coolegdsis by LA-ICP-MS.
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2500 3000000 electrophoresis with LA-ICP—-MS the fast detection of physio-
33t EpiE L e ; ; ; ;

~lE D — S " Iog|cglly relevant elements (P, Cu, Zn and _Fe) in protein spots is

2000 —— 2 & possible. Recently, we reported on a combined LA-ICP-MS and
) 2000000 ; : MALDI-FTICR-MS analysis of selected silver-stained protein

1500 : spots that were obtained by 2D separation of yeast mitochon-

ion intensity, cps

E 150000 o drial proteins Fig. 1), with respect to P, Fe", Cu* and Zrf
10001882 1000000 ......_f%_'g_wg, ion intensitieg11]. The detection limits for phosphorus, cop-

- = [l = per, zinc and iron — determined in the Coomassie-stained gel
500 500000 |- & =

blank — were 0.2, 6, 18 and 1@ g1, respectively. The study
revealed that some of the known mitochondrial proteins pos-
replicates sess so far unknown metal binding properties or contain bound
phosphoru$l1]. For example, the spots representing the major
Fig. 2. lon intensities of Pand S of selected protein spots measured by mitochondrial ADP/ATP translocator (Aac2p) and the acetyl-
LA-ICP-MS. Indicated spot numbers referfiig. 1 CoA hydrolase (Achlp) contained all analytes tested with rela-

o o ) . tively high intensitie$11]. In case of the mitochondrial aconitase
tification, quantification of protein phosphorylation and deter-aco1p, an iron—sulfur cluster bearing protein, we were able

v

mination of selected metal concentrations. to detect Cu, Zn and at the same time phosphorus. This is
in line with the previous finding of phosphorylation of mito-
2.3.1. Western blot analysis chondrial aconitase in potafb5]. The accumulation of various

Proteins were separated by SDS-PAGE] and blotted onto  metals in this spot may hint at the metal-binding properties of
PVDF-membranes (Millipore) by semi-dry blotting for 1 h at Acolp.
25V and 60 mA using transfer buffer (192 mM glycine, 25mM  In the present study, we focused on yeast mitochondrial
Tris, 20% (v/v) methanol, 0.05% (w/v) SDS). Immunological ATPase, a complex of the oxidative phosphorylation system
detection was performed with antibodies directed against theomposed of at least 15 polypeptidds]. Inspection of the
phosphorylated moieties of serine, threonine and tyrosine (allA-ICP-MS data indicates that some proteins that possibly
from Sigma), and against Atp2p (MolecularProbes) accordingepresent subunits of the ATPase complex, may be phospho-
to manufacturer’s instructions. rylated §ig. 2). To verify phosphorylation of ATPase sub-

For phosphatase treatment, membranes were incubated fghits, the monomeric and dimeric form of the enzyme was
2hat30°C in buffer I (50 mM Tris/HCI, pH 7.5; 5mM MgGl)  isolated by preparative BN-PAGE. The subunit composition
in presence of 50 U CIAP (Invitrogen) and 50 U SAP (MBI was revealed by a subsequent SDS-PAGE and Coomassie blue

Fermentas) alkaline phosphatase. staining Fig. 3a). Two of the bands that showed the most
intensive staining, were sliced from the gel and identified by

3. Results and discussion MALDI-FTICR-MS as subunit Atplp (58.6 kDa) and Atp2p
(54.8kDa).

3.1. Identification of mitochondrial phosphorus or metal The MALDI-FTICR-MS spectrum of Atplp Hg. 4

ion containing proteins using MALDI-FTICR-MS revealed 3 phosphorylated peptid&alfle 1 peptide*1vV—428

with 2 phosphorylations of'3S und42%S, peptide?5°Y—2%R
Two-dimensional gel electrophoresis is one of the most powwith a single phosphorylation on eith@PY or 281y, and peptide
erful analytical procedures in proteomics. By combining 2D gel*22Q-#>%K with a phosphorylation of34Y) that could be iden-

Coomassie staining immunological detection
a b c d e f
M P-Tyr P-Tyr éthp P-Thr P-Ser
P
= Atb2p > s -~ -
_ !
\ N |

Fig. 3. Subunits of the ATPase complex were separated by preparative BN- and subsequent SDS-PAGE, and either stained by Coomassie bluer@) or transfer
onto a PVDF-membrane for immunological detection with antibodies directed against phosphorylated amino acids as indicated or Atp2p (b—fjolAshe cont
membrane from (b) was treated with phosphatase (c) and subsequently again detected with Atp2p antibodies (d). Protein bands indicated élrdI$ubjegted

to MALDI-FTICR-MS.
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Fig. 4. MALDI-FTICR-MS of Atplp (band Il irFig. 3a). Identified peptides and phosphorylated peptides are indicated.

tified by database searciwfw.matrixscience.colnFor Atp2p  Specificity of the detection was shown by removal of phosphate
two phosphorylated peptide3able 1 peptide3!R-*°K with  groups by incubation of the blot membrane with phosphatase-
the phosphorylation on a serine or threonine residue, and pepentaining buffer. As expected, no signal was obtained for phos-
tide 2V—16K with a tyrosine phosphorylation on tf¥ residue)  phorylated Tyr Eig. ). Subsequent immunological detection
were identified as seen in the MALDI-FTICR-MS spectrumof Atp2p excluded that the negative result was due to release
(Fig. 5). of proteins from the membrane. In addition to P-Tyr, weak
To confirm the results of the LA-ICP—MS-derived data signals were obtained for P-Ser and P-Thig( 3 e and f),
other detection techniques specific for phosphoproteins werguggesting that Atp2p may also phosphorylated at those amino
applied. To this end ATPase subunits were separated by a prepacids. Taken together, these data confirm the results obtained
ative BN/SDS-PAGE as described above, transfered onto by MALDI-FTICR-MS. In case of Atplp, no phosphorylated
PVDF-membrane and immunologically analyzed with antibod-amino acid were immunological detectable. Possibly, the anti-
ies directed against phosphoserine (P-Ser), phosphothreonibedies were not able to recognize their epitops due to steric
(P-Thr), and phosphotyrosine (P-TyBi¢. 3b, ¢, e and f). Com- hindrance.
parison of the band corresponding to Atp2p revealed the most Clearly the combined LA-ICP-MS and MALDI-FTICR-
intensive signal in case of P-Tyr antibodid¢sd. 3b), indicat- MS analysis is superior compared to the immunological detec-
ing preferential phosphorylation of Atp2p at tyrosine residuestion, both in sensitivity (detection limit at syl g~ ! range) and
specificity. In addition this new screening technique allows the
exact identification of phosphorylation sites.

Table 1 ;
Identified protein spots from SDS-PAGE g€id. 3a) with the identified phos- .f.ln Co.ntraSt.:jo pPOSthrUS that IIS Covalentllly boun(? to .Sple
phorylated peptides cific amino acids of proteins, metals are usually coordinatively

attached to amino acid residues (e.g., copper) or via prosthetic
groups (e.g., heme-iron). Therefore, metal ions, but not phospho-
I Atp2p 1P f1R-*5K) RCMASAAQSTPITGK (Phospho S or rus may be released by the denaturing and reducing conditions
Phofphfg) during separation of proteins in SDS gels. It cannot be excluded
?'fhg\s/;hoK\)()VLPRLYTATSRAAFK that metal ions present in buffers for subsequent treatment of
the gel (washing and staining steps) bind unspecifically to the

proteins in the gel. In this case the accumulation of metal ions

Spot Protein Phosphopeptide

I Atplp 2P (1v—428K) VG SAAQVKALKQVAG SLK
(Phospho S)

1P @55y_2%R) in protein spots rather reflect the capability of a protein to bind
YSIIVAATASEAAPLQ YLAPFTAASIGEWFR metals. Recently, we were able to show by tracer experiments
(Phospho Y) using enriched isotope spiké®Cu, 7Zn and>#Fe) that some

1P (122Q_452K)
QVAGSLKLFLAQYREVAAFAQFGSDLDASTK
(Phospho Y)

proteins can bind metals after separation by 2D gel electrophore-
sis prior to silver staining, whereas other proteins retained their
original metal complexefd 7].
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Fig. 5. MALDI-FTICR-MS of Atp2p (band | irfFig. 3a). Identified peptides and phosphorylated peptides are indicated.

4. Conclusion [3] H. Schagger, Methods Enzymol. 260 (1995) 190.
[4] H. Schagger, W.A. Cramer, G. von Jagow, Anal. Biochem. 217 (1994)
The described method combines the fast simultaneous access 220. _
to multi-element concentrations in gel-separated protein spots b p) H. Sctagger, . von Jagow, Anal. Biochem. 199 (1991) 223.
- . = g P p ] p ¥6] J.S. Becker, S.F. Boulyga, J.Su. Becker, C. Pickhardt, E. Damoc, M.
LA-ICP-SFMS with the identification and structural informa- Przybylski, Int. J. Mass Spectrom. 228 (2003) 985.
tion of the proteins derived from MALDI-FTICR-MS analysis. [7] N. Jakubowski, R. Lobinski, L. Moens, J. Anal. At. Spectrom. 19 (2004)
Phosphorus and metal concentratjam,18]in the pgg=! and 1
subg g~! range can be determined in protein spots. We werel8] J- Szpunar, Analyst 130 (2005) 442. _
bleto sh that th thod i itable for detecti foh h [9] E.-M. Mandelkow, M. Mandelkow, Trends Cell Biol. 8 (1998) 425.
abletos OW_ a_ em_e 0 ISSU.I'a etor e_ec lon orphosp cf'O] M. Wind, A. Wegener, R. Kellner, W.D. Lehmann, Anal. Chem. 77
rylated proteins in a highly sensitive and reliable manner. The  (2005) 1957.
most challenging problems will address the preservation of thp1] J.S. Becker, M. Zoriy, U. Krause-Buchholz, J.Su. Becker, C. Pickhardt,
naturally bound metal ions during gel separation and the avoid- M. Przybylski, W. Pompe, G. &lel, J. Anal. At. Spectrom. 19 (2004)
ance of contaminations during sample preparation and staininﬂ. 1238. _ .
Future work will focus on improving the screening techniaque 2] S.F. Boulyga, C. Pickhardt, J.Su. Becker, M. Przybylski, J.S. Becker,
. . p ; g g ) q in: G. Holland, S.D. Tanner (Eds.), Plasma Source Mass Spectrometry,
using a laser ablation system with a better lateral resolution and  rsc, 2003, p. 54.
development of advanced methods for determination of metdl3] T.A. Fligge, C. Reinhard, C. Harter, F.T. Wieland, M. Przybylski, Bio-

concentrations, especially by on-line isotope dilution analysis chemistry 39 (2000) 8491.

in LA-ICP-MS. [14] U.K. Laemmli, Nature 227 (1970) 680.
[15] N.V. Bykova, H. Egsgaard, |.M. Moller, FEBS Lett. 540 (2003)
141.
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