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Purified rice (Oryza sativa) mitochondrial proteins have been arrayed by isoelectric focusing/polyacrylamide gel electro-
phoresis (PAGE), by blue-native (BN) PAGE, and by reverse-phase high-performance liquid chromatography (LC) separa-
tion (LC-mass spectrometry [MS]). From these protein arrays, we have identified a range of rice mitochondrial proteins,
including hydrophilic/hydrophobic proteins (grand average of hydropathicity = —1.27 to +0.84), highly basic and acid
proteins (isoelectric point = 4.0-12.5), and proteins over a large molecular mass range (6.7-252 kD), using proteomic
approaches. BN PAGE provided a detailed picture of electron transport chain protein complexes. A total of 232 protein spots
from isoelectric focusing/PAGE and BN PAGE separations were excised, trypsin digested, and analyzed by tandem MS
(MS/MS). Using this dataset, 149 of the protein spots (the products of 91 nonredundant genes) were identified by searching
translated rice open reading frames from genomic sequence and six-frame translated rice expressed sequence tags. Sequence
comparison allowed us to assign functions to a subset of 85 proteins, including many of the major function categories
expected for this organelle. A further six spots were matched to rice sequences for which no specific function has yet been
determined. Complete digestion of mitochondrial proteins with trypsin yielded a peptide mixture that was analyzed directly
by reverse-phase LC via organic solvent elution from a C-18 column (LC-MS). These data yielded 170 MS/MS spectra that
matched 72 sequence entries from open reading frame and expressed sequence tag databases. Forty-five of these were
obtained using LC-MS alone, whereas 28 proteins were identified by both LC-MS and gel-based separations. In total, 136
nonredundant rice proteins were identified, including a new set of 23 proteins of unknown function located in plant
mitochondria. We also report the first direct identification, to our knowledge, of PPR (pentatricopeptide repeat) proteins in
the plant mitochondrial proteome. This dataset provides the first extensive picture, to our knowledge, of mitochondrial

functions in a model monocot plant.

The ATP-synthesizing organelles of eukaryotic
cells, mitochondria, can trace their origins back to an
event in which one prokaryotic cell was engulfed by
another cell to form a new cellular lineage containing
two genomes. These genomes became dependent
over time, and mitochondria lost the ability to be
viable outside the host cell. A significant net transfer
of genetic information occurred from the mitochon-
drial to the nuclear genome during this time. It is
predicted that mitochondria now synthesize only a
few percent of the proteins required for their func-
tion, with the majority of their proteins being en-
coded in the nucleus, translated in the cytosol, and
transferred back to the mitochondria as protein pre-
cursors by means of targeting information in the
protein sequence (Gray et al., 1999). Biochemical in-
vestigations have revealed that isolated plant mito-
chondria share many features with those from ani-
mals and fungi. However, plant mitochondria also
contain additional components such as non-
phosphorylating bypasses of the electron transport
chain, specialized metabolite carriers, and enzymes
involved in the synthesis of folate, lipoic acid, and

! This work was supported by the Australian Research Council
Discovery Program (to A.H.M. and ].W.). K.A.H. was a recipient of
the Eric Cyril Lawrence Medical Research Scholarship.

* Corresponding author; e-mail hmillar@cyllene.uwa.edu.au;
fax 61-8-9380-7245.

Article, publication date, and citation information can be found
at www.plantphysiol.org/cgi/doi/10.1104/pp.102.018986.

vitamin C (Bartoli et al., 2000; Gueguen et al., 2000;
Rebeille et al., 1997). Only a few of the nuclear genes
encoding proteins that maintain these unique func-
tions have been identified. The recent increased se-
quencing of plant genomes (Arabidopsis Genome
Initiative, 2000; Goff et al., 2002; Yu et al., 2002) has
encouraged the development of bioinformatic tools to
predict the subcellular localization of putative plant
protein sequences. Programs such as MitoProtll
(Claros and Vincens, 1996), TargetP (Emanuelsson et
al., 2000), and Predotar (http://www.inra.fr/Internet/
Produits/Predotar/) predict that thousands of
nuclear-encoded plant proteins are destined for mito-
chondria, but the veracity of such predictions still
awaits confirmation.

Several reports have recently attempted to identify
the protein contents of plant mitochondria from Ara-
bidopsis (Kruft et al., 2001; Millar et al., 2001) and
pea (Pisum sativum; Bardel et al., 2002) using isoelec-
tric focusing (IEF)/SDS-PAGE-based separation of
proteins. These three reports each identified 40 to 90
proteins using this arraying technique coupled with
identification using antibodies, N-terminal sequenc-
ing, matrix-assisted laser-desorption/ionization-time-
of-flight (TOF) peptide mass fingerprinting, and
collision-induced tandem mass spectrometry (MS/
MS) spectra of single peptides. Both these species are
dicots. Increasing evidence of important differences
between monocot and dicot plant lineages at a molec-
ular level have been reported (Qiu et al., 1999; Soltis et
al., 1999; Daly et al., 2001). Differences in mitochon-

230 Plant Physiology, May 2003, Vol. 132, pp. 230-242, www.plantphysiol.org © 2003 American Society of Plant Biologists



drial molecular function between monocots and dicots
also have been highlighted recently (Fey and Marechal-
Drouard, 1999; Thelen et al., 1999; Considine et al.,
2002). Thus, we consider it important to consider the
mitochondrial proteome in a model monocot species.
The gel array technique used in the dicot mitochon-
drial proteome reports has several limitations. In par-
ticular, very small (<10 kD) and very large (>100
kD) proteins, basic proteins (pI > 10), and hydro-
phobic proteins (grand average of hydropathicity
[GRAVY] > 0.2) are poorly resolved by this method
(Chevallet et al., 1998; Herbert et al., 1998; Santoni et
al., 1999, 2000). Incremental improvements in chao-
tropic agents and nonionic detergents have improved
the resolving power of classical denaturing two-
dimensional electrophoresis (Chevallet et al., 1998;
Herbert et al., 1998). However, a substantial protein
set will probably always be excluded due to the
physical limitations of this approach. Native gel elec-
trophoresis coupled to second dimension SDS-PAGE
provides a flexible solution to the hydrophobic pro-
tein exclusion problem. Many such proteins are not
found exposed in biological membranes but are core,
internalized components of multisubunit complexes.
Maintenance of this complex structure avoids precip-
itation of hydrophobic components. Blue-native (BN)
PAGE has been used previously to separate native
protein complexes from mitochondria (Schagger et
al., 1994). A subsequent denaturing SDS-PAGE di-
mension allows separation of individual components
for analysis from plant mitochondria (Jansch et al.,
1996; Werhahn and Braun, 2002). A different solution
to the exclusion problem, with an even wider appli-
cability, is non-gel-based separation of complex mix-
tures. These approaches often use liquid chromatog-
raphy (LC)-based separations of peptide derived
from whole-sample digests that are directly coupled
to MS. One approach using a coupled strong cation
affinity and reverse-phase C18 separation has been
termed multidimensional protein identification tech-
nology and is being increasingly applied to a broad
range of biological samples (Washburn et al., 2001).
To determine which putative proteins from the rice
(Oryza sativa) genome sequence represent constitu-
tively expressed proteins involved in mitochondrial
function, we have used two-dimensional gel electro-
phoresis and LC analysis of purified rice mitochondria
coupled with MS identification. Our aim was to iden-
tify proteins localized in rice mitochondria, compare
and contrast protein display techniques, and identify
novel mitochondrial proteins, thereby providing a
substantial set of experimentally identified mito-
chondrial proteins from this model monocot plant.

RESULTS
Integrity and Function of Isolated Rice Mitochondria

The integrity of a subcellular proteome, such as
that of mitochondria, is largely dependent on the
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purification of the isolated compartment away from
other cellular contaminants. We have adapted a two-
Percoll gradient density separation technique to the
isolation of these organelles from dark-grown rice
shoots that yields mitochondria largely free of con-
tamination by cytosol, peroxisomes, plastids, and
other membranes (Millar et al., 2001). We have as-
sayed the integrity and function of these purified rice
mitochondria to ensure that proteins were not being
lost by rupture during isolation and that key respi-
ratory functions were maintained. The outer mem-
brane of mitochondrial samples was found to be 96%
intact based on the latency of cytochrome c oxidase
activity initiated by exogenously added cytochrome c
(Table I). Whole-electron transport chain activities
showed that O, consumption by the mitochondria
could be supported by succinate, external NADH, or
a combination of malate and pyruvate. O, consump-
tion supported by each of these substrates was sig-
nificantly and transiently stimulated by the addition
of ADP. These data suggested the presence and func-
tion of the electron transport chain, the F,F,-ATP
synthase, the tricarboxylic acid cycle in the mitochon-
drial matrix, the integrity of the inner membrane, and
the function of external rotenone-insensitive NADH
dehydrogenase bypasses of complex I (Table I). Little
or no respiration was maintained in the presence of
the complex III inhibitor myxothiazol, showing that
little or no alternative oxidase (AOX) was present in
these mitochondria (Table I). This lack of AOX was
also confirmed by addition of pyruvate and dithio-
threitol to O, electrode traces without effect after
myxothiazol addition. It was further confirmed by
the lack of immunodetectable bands using monoclo-
nal antibodies raised against AOX (data not shown).

IEF and BN Arraying of Rice Mitochondrial Proteins

To analyze the complex mixture of proteins present
in rice mitochondria, these proteins were separated
in gel arrays using the apparent pl and molecular
mass of individual polypeptides and the apparent
native molecular mass of protein complexes. The
IEF/SDS-PAGE separation used the first two of these
properties and revealed a set of approximately 250

Table I. O, consumption by isolated rice mitochondria following
addition of different substrates, effectors, and inhibitors

Respiratory assays were performed according to “Materials and
Methods.” O, consumption rates are presented as means * St (n >
3). Outer membrane integrity is presented as a percentage of intact
mitochondria.

Substrate —ADP +ADP

+Myxothiazol

nmol O, min~" mg~" protein

NADH 87 =6 199 = 8 3x1
Succinate 99 =7 198 = 17 2=*1
Malate and pyruvate 61 =9 139 = 11 1+1
Cytochrome c 438 = 29 - -
Membrane integrity 96.1 = 1% -
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protein spots (Fig. 1). A set of 145 of the more abun-
dant spots from this set was excised and subjected to
in-gel digestion followed by MS/MS-based analysis of
the resultant peptides. This analysis lead to the iden-
tification of 80 of these protein spots as the products of
63 predicted gene sequences from rice (Table II).

The BN SDS-PAGE uses a combination of native
masses of complexes in the first dimension and the
denatured masses of polypeptides in the second di-
mension (Fig. 2). This analysis was only performed
on the membrane fraction from rice mitochondria
that contains a large number of hydrophobic proteins
that were unlikely to be soluble under IEF conditions.
Protein staining revealed a series of large complexes
of comigrating subunits that constitute the major
electron transport chain complexes: complexes I, III,
and V (Fig. 2). A set of approximately 100 spots was
visible, a set of 89 spots was excised, and a subset of
57 spots from this set was identified as the products
of 49 rice genes. There are several examples where a

single protein sample contained peptides derived
from two different and unrelated gene products; note
spot 44 (cytochrome oxidase subunit I and malic
enzyme), spot 57 (adrenodoxin and TIM17), and spot
42 (TOM9 and ATP synthase, 6 kD). In all these cases,
the MS evidence for the presence of both proteins in
very convincing. Because streaking of some proteins
occurs during native gel electrophoresis, it is possible
that the same proteins do exist more discretely else-
where on the gel and that our identification point (i.e.
the spot excision point) is just coincidently the point
of overlap. Comparison of these identified sets from
IEF/SDS-PAGE and BN SDS-PAGE revealed that
there were 21 nonredundant gene matches in com-
mon, whereas together, they represent a combined
nonredundant set of 91 gene products. A set of 18
well-known components of mitochondrial inner and
outer membrane complexes was identified in the BN
SDS-PAGE analysis that was not identified from the
IEF/SDS-PAGE analysis (Table II).
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Figure 1. IEF/SDS-PAGE separation of rice mitochondrial proteins (pl = 3-10). A total of 145 protein spots from this map
were excised, digested, and analyzed by MS/MS. Eighty were identified, and these are numbered for comparison with text
and Table IIl. Numbers on the horizontal axis are pl, and numbers on the vertical axis are apparent molecular mass (in

kilodaltons).

232

Plant Physiol. Vol. 132, 2003



Rice Mitochondrial Proteome

(sanunuod ajqey )

X e (73) asesaysuen|Aoe apiweodijoipAyig 08100W¥E9e W W W L1°0— L8 16565 99
* * nungns-e3aq |3 aseusdolpAyap aeanidd LPLOOW €6¥€ ‘8552501 W - W €0°0— 8t 0S6'6¢ 1t ‘91 saxa|dwod
* * (€3) aseuadoupAyap apiweodijoipAyiq 6LL00WELEE W W W 80°0 'L 968'SS 14 HA DO-t
# X (€3) aseusdoupAyap apiweodijoipAyiq 67100W97/LT ‘6lt6cavd W W W €10 9/ €v9'TS € 8 ‘Lb €5 pue ajeAniAd
| HUNQGNS SSBPIXO0 D SWOIYI0IAD) 8/Sv1d - - - 69°0 98¢ /914§ 44
BIA JIUNGNS SSBPIXO D SWOIYI0IAD) zLoowosse W W W 90°0 L6 0€6'¢€L LL
« gA 1UNQNS SSBPIXO O BWOIYD0IAD €e0e0L W W W T 0— 8y P08l I €€
L-gIA HUNQNS SEPIXO D JWOIYI0IAD) £6£9/VV4d - - - 10" L— 0¥  TL6'8L 43 Al xo|dwo)
5 10snda1d |5 dWoIYd01A) soowy L6 W W W 61°0— 79 gerEe 4
(@1 e
95BIONPal O dWOoIYd20}Ad jouinbign  Z£100WZ10€ ‘TILOOW ZLOE W W - 170 8'0L  980°¢L €7 '6¢
(@)
« 95810Npal O aWoIyd0}Ad jouinbigqn  €£100W E0VE ‘00L00W 00T W W W r€0— 86 91991 8T
5 urejoud g-o4 ysioy PELOOW LYET W W W 91'0— 98¢ 078'6C 1 /T
jlungns-eydje
« asepndad 3uissadoid-Jelpuoyooly 09 100W 60T ‘SYLOOW 665T  — W W 0L'0- TL o 9v6Es 74 14
:Cjo_jm
« -ejoq asepndad Buissadoid-jeripuoyoonpy 8966/D1 - - - - - - v 111 xajdwo)
nunqgns @3-9°91 3 oseusdolpAysp HAVN €LL00W ThEY ‘€€864DL W W W 0€0— 96  79/'8T 14 91
* nungns (f-¢ 1 aseusadolpAysp HAVN 8LLO0W 18€EY ‘S£99/D1 W W W 20— 9y 678'LT 1 Gl vl
6 yunqns aseuadoipAysp HAVN ¥6/80VV4d - - - 80— 8 v6STT €l
£ nungns aseus8oipAysp HAVN 998610vd - - D  6¥O0- 'L TSThh L9
(@} 15) @seuadolpAysp HAVN 929000W'ZOLZ W W W 1€°0— 78 10€95 Sy
(@ 6€) @seUaZ0IPAYSP HAVN 8000W LSHT W - W 80°0— 96  60€tY L 68t
« Hnungns @3-5/ aseusadolpAysp HAVN 00Z8S1IVVY W W W L1°0— 1’9 /1118 14 € 14
72149 9seudBoipAyep HAVN 9100w /8 - - W 060- ', 8168l L8 %
N (@ £7) @seua8olpAysp HAVN LzLoowosse - W W £8°0— 67  86¥'€C 4! 1L
* uungns zzg aseusdospAysp HAVN 97100W 0+9€ - W W TT0— 9/ €€0'TL 9/
nungns AsAd oseusdospAysp HAVN 78S/9TVWY -~ - - 66'0— L9 Tev'Tl z 9z | xojdwo)
X N HuUNQNs py4 9SeyiuAs 41v czioowsgye W W W v 0— 0§ /1T'8¢ 4 1z 8T
6 11UNqns dseyuAs d1v €98 1d - b) b) ¥8°0 601 LL82 €T
nungns @3-9 aseyuAs 41y 9751zdvd - W W 0£'0— 80l ££69 €Tty
q jungns-ewiwed aseyiuAs d1v 8967/D1 ‘€6100W'S69E - - - 0L0- S8 §S6'0F 14 g¢ ‘ot 1S
X X nunqns-e)jap aseyiuAs d1v 99€170V4d ‘96000W'6LLT W W W S0 09  €lT'lT g€ L€
* * 1UNQNS-e1[aP BSBYIUAS d 1V LZL00W £90€ ‘+79€9D1 - - - 1£0— 0'S 65€'vC € 44 0€ ‘6¢
X nUNQNSs 4SO dSBYIUAS d1V PrLOOW €061 W W W 91'0— 1’0l §90°ST L€ /1
« nunqns-e1aq aseyiuAs d1v 658100 W W W 0L'0- 89  650°6S ol L€ gl 4!
* * yungns-eydje aseyuis 41y £8/SEVVD '€8000W'TERT - - - LL1'0— 6'S 187'SS 4 76 1S ‘05 ‘T€ ‘b1 79 Tl L1 aseyiuAs d1v
sd W u1j04d "ON UOISS900Y dW Id dl  AAVED 1d ‘w SW-D1 1DVd-N4 10Vd-ac sse|D [euonounyg

‘9|qgel |y} ul papn|oul

udaq jou sey pue ‘eripuoyooyiw jo uonetedaid ayy ur pasn ‘urNge WNIAS dUIAOG SB PAalIIUBPI SBM JDVJ-SAS/43] Woly 79 30dS *(Z007) unesg pue Uuyeysapn ‘o pue {(£00g) pOoma|zea pue
TB[|IW ‘q {(Z00T) *|e 10 9A0}aaMS ‘e :uosiiedwod 10y papn|oul uaaq os|e aaey sanbiuyday sisaloydonda|a Jualayip Jo AlaLiea e Aq a1aymas|a paynuapt sutejold sisdopigesy 19yio [elanss (200
“le 1o |opieg ‘sq) ead pue (1007 ‘e 12 Je|[IW (100T “Je 19 uniy ay) sisdopiqely wouy siiodas awoayoid 3DVJ-SAS/43] @Y1 Ul sS0[oylIo Jo dduasaid Yy} S1EDIPUI SUWN[OD [BUl) Ul SYSLIDISY
(d) 130IJONW pue ‘(1d) tejopald “(d1) d1eSie] Aq Sunadiey jo uonoipaid yim Suoje umoys ase aouanbas urajoid pajoipaid yoes uoj (AAVYD) AndiyredoipAy pue ‘|d “y ay] "aouanbas
uteyoud paoipaid yoea 01 sayojew sapndad jo *ou ayy ale uwn|od SW-I7 Y} Ul S[eldWNN g pue | saindi4 0} 9duaIajal J0j ‘sou jods aie suwn|od JDVd-Ng pue 3DVd-dg ul sjesawnN
“(SW-D1) se|dwes jetipuoyoopw pajsaBip [ejo} jo uonesedas H1dH 10 (IDVA-NE) IDVA-SAS Nd ‘(ADVd A-7) IDVd-SAS/431 Woly paaLiap sjods [83 Woly Jayie payuapl a1am sulajoid

saLjua [gON 9211 pue (XXXXXDL ‘5153) sdey eouanbas passaidxa pajejsuen-yD[L (XXXXXW XXXX
DI1) YoIeasay 2iwouan) 1oy aymnsul syl Aq pajejsuel) s{yO 9214 0] paydrew eipdads sapndad S/swy Suisn eripuoysonw 9211 payrind wouy suiajoid jo uonedynuspy || dqer

233

Plant Physiol. Vol. 132, 2003



Heazlewood et al.

(sanunuod 9jqey)

(0YWOL)
* Of SUBIQUIAW 1IN0 JO 3SBIO[SURI ] ovLoow €e/z -~ - - €ro- 89 966°L€ re
(LIWID)
/1 dUBIqWBW JBUU] JO 9SBIOJSURIL  $ZL00W 90ST SSLOOW 19FT  — - - o 06 £09°S1 LS
(6WIL) 6 SUBIQUISW JaUUL JO SBIO[SURI | IXDX6D - - - 650-— 6'S £78°01 S/ yoduwj
9SBPIXO PIOB-AXOIPAY-T-(S) €6100W6TET  — - - 600- 8 £TE'S€E 9t
asedi| [01a04|3|Ade1I oW 1ysg - - - €0 901 SL1'6T z
aseloSURIL  €FLOOW 900€ ‘€£100WSgEE W — D 1T0— 99 620°08 z
aselajsuel) [Awiog 98100WY88T W W W tl0-— 68 718°9¢ z
ase|Axoqued yo)-|Alpoy S9L00W 000y  — - - 870 9 808°75¢ z
oseu
* -a301pAyap ajeydsoydouow-,g-auisoul 89100WvELY ‘€8679DL  — D D  600- v'6 STP'sT LT
« aseuafolpAyep yoD-|A1ajeAos| /6T¥SD1L - - - - - - 6¢
* aseujwesuey dsy STIsDl W W W ST0— 8/ S6v'LY 8¢
M 95BI9JSURIINIINS B)R)|NSOIY | 949901 ‘18065201 — - - - - - 6/
aseua
« «  -oupAysp apAypple-iwas ajeuorewAyon SS0€0OVY W W W £00— €9 086'95 0lL'6
% aseuadoipAyap apAysp|y 8TLO0W v69y  — > D 00— 8'g 90195 L
% aseuadoipAyap apAysp|v €CTO0W9/6k W W W 0L0-— v'g €0'/8 z /9
% aseuadolpAysp spAysply zsoelavd W W W v00— 89 £0€65 €l
ok aseuadoipAyap apAysp|y 61700W 061  — - - 10— 96 SST'SH 1 89
* aseuadolpAyap ayewoy yuapuadap-aqyN LESLINVE T W W W 1T0— v/ vT'ly 0s
* aseuadolpAyap arewoy yusapuadap-aqyN SSLooWw 06l W W W 8L0— 89 792’y z 0z
P aseuaBolpAyap ayewein|n ovloow's/zc W W W 6L°0-— 9 1€9°01 €€ 09 wstjoqelaw
*  * ¢ aseuddolpAyap arewein|n 99000W /0L - W W  SL'0— 99 S/8'LY 65 [esauany
* (LWHS) asesajsuenjAyiawAxoipAy 1ag LZLOOW VTl ‘bT/2SDL W W W 6T70— v'g 646"V SS ‘¥S
(ursyoud 1)
% J1osindaid aselajsuen|Aylowoulwy leloowe6zer - - - 91'0— S'9 ¥77'6¢ ¢ £S ‘96 ‘08 ‘€4
* urejoud H asejAxoquedsp A1 reS6ENYY W W W €T0-— Ly £9€°/1 12 e oleo)
P 9selRIPAY 91e)IU0DY €1700W'8/1LS ‘v€689DL - - - SL'0—6'G  L6£'86 59
* asejeIpAy 21eNuodY LLEOOW L9t ‘€¥619DL W - D 8L0— €/ TSv'L0L €9 ‘o¢ 9SEIUODY
nungns
¥ -eydje 44 aseuadolpAysp ajeurdong [F100WgEET  — - - oro- 9 €016S L€ 11 xo|dwo)
Junqgns
@1-65 dwAzud d1jew juspuadep-QvN 879¢1OVY - - D 90— €9 IS ANAY 44
jungns
@-79 awAzud d1jew juspuadap-QyN soLoowellz W W W 6L0— 6'S 17204 0€ dwAzud dlfeW
¥ x aseypuAs 2D YLLOOW TY6T ‘££/8TDVY W W W £0°0— L 171'zs z gg  aseyyuAs ajend
% aseuadolpAyap aleew aAnRINg  [SLO0W066T ‘S6100WLZEE W — W ¥L0 €9 9¢h'SE 12 €S
% aseuadoupAyap arejey 65000W'074T '98955avd W W W 800 68 19¥'SE z Ly 1T°0T Ha arelew
«  oseusBospAysp eren1dost juspusdep-QvN SZL00W /by W W W 90°0— 1'g 679°0F 6t ‘O Ha @1enos|
* yungns-ejaq asedi| yoD-jAurong 6£L00W99FT W W W €00-— 79 160'St ¢ 6t Sl asedl|
X yungns-eydje asedi| yod-|Auidong 97100W 90T W W W 800 v'g IvTVE 7T sy VOD-|Autong
13 aseuadoipAysp arein|3oxO-g LSLoowl6sy - W W W vb0o— $9 89/°¢T1 z
e (23) asesdysuenjAudons apiweodijoipAyiq ssoravd - - - 0f£0- 1'6 €87'8Y z
e (z3)9sesvjsuenjAurdonsapiweodijoipAyiq 97I00W /06T W W W €€0— S'6 v69'8Y ¢ 49
Sd W urel01d "ON UOIS$900Y dW Id  dL  AAVYED |d W SW-D1 IOVd-Ng 3DVd-ac sse|D) |euonouny

panupuod 11 3qel

Plant Physiol. Vol. 132, 2003

234



Rice Mitochondrial Proteome

(senunuod 9jqe])

ura04d umowyun €9¢8vDL - - - - - - 4%
urejoad umouyun erLoowze W 2> W €ro— /L8 €LT'€L 24
X utaj04d umowyun roroowvgzz W W W €0°0— 6 61" LT 4
ugsoud umowun [ ZLOOW0TST ‘TTLOOW 89YT  — W W SS0— L0l 99%L /1 ujoud
X utajoid umowyun viioow /gy - o) o) 10— €L r16'CL 9§ uonduny
uold umouun 0S100W6L¥T - W - 0'0— ¥'6 Sr60L €Tty umouwyjun
ugjoud aduessisal asessi 9/l00W E6Ly - - S LT0—- 9L 7€9'v6 z
urejold dduelsisal dseasiq 96100W’1S7C - - - 8T0— 99 122’86 €
urejo1d 17-4199s $687649v4d - - - £€°0— €8 8/0'8T z
u19301d 1|7 dseun| pajerdosse-|epn YLLLOWVY — — - S LT0— 19 961'6€ z
undy 97100W00ST - - - 0€0— S9 087'€S 4
uteyoud Buipuiq J0yoey uone|AsoquU-4ay £T100W €97 — - o) 90— 8t 8/L'TL L
ugjoud ayj1j-uixauled 8,000W967T - - S vL0— vY 67209 Vad
uigjoud Jojow ujyoN rrioowerzz W W W 090—- 0§ 18929 (3% €
* ursjoid Buipuig-urjaydoAdiiiog £9100W'8987 ‘Z9¥8¥D1 - - W 60— t9 vl 0l 19
* ugoud Suipuig-uijpyooAdiiiayg S/Z100Ww0c0T W W W 00— 9 SS¥'9Z LL 44
* urejoud Buipuig-utjaydoAdiuey 90T00W'8SEY ‘6985901 W W W zLro 6L 661'LT €C uonouny
ur2301dodA|3 [etpuoydoi coloowcsLe W - W €5°0— (47 LEY'6T 69 SNOdUR|[2SIN
ugjold Bulpuig-g3¥D  06000W'9£0S ‘€TLOOW V/bT — — - - 00— '8 LET'Y81L z
ujoid ¥dd £18¥99vd - W W 90°0— ] 617'6L 4
ujoid ¥dd [V06STVY W W W ¥0°0 88 710'79 z
urejoad 123uly ouiz adA-zHTD €9100W'gT0S - - o) 90— 6 0€T’'LE z
* asedli[ay aAneINg T6TrSIVY  — W - 85°0— 1'6 €L2'TLL 4
* asedl|ay VNI xoq avid 18000w zs6E W - ) £€5°0— €9 v€9'sTL €
* asedlay YN xoq avid 6LLooweLee - - - 68°0— 80l 6166 z
* urejoud Buipulg-yNY YoL-A|D 6TLS0VVD W - o) 650— 68 LrS'S1 ¢ uone|sues
* * 01 40108} UONESUOS [RUONR|SURI] 197967VV . W W W 900—  ¥9 TP’y ] yuonduosuel ]
* 0£1200V4 ‘£9100W LTy — - S T 0— 1’0l €l¥'Le [
X niqiyoud ss000wWzS6T - - S €00 1L £49°0¢ LL 61
* 01 utuosadey) 06000WOVLS W W W 6£0— 0L 966°CL z
* 01 uiuosadeyd G8SE0L ‘9€100W+99E W 2 W 600— 06 7901 € ST 8L
* 09 utuosadey) SL00W 18y — - - 0Lro— 8t 9/7'99 €
* * 09 utuosadeyd  €81O0W /8LS ‘68000W6LEL W W W 800— 96 05809 S L9
* * 0£ utoud yooys j1eay 65100W9STH ‘S1OLSDL W W W ro— '8 09€'€8 4 S souosadeyd
* J10sinda1d upxopousIpy  $STOOW TO9E LTEOOW 909 W W W €0°0— W4 9rLLL LS
* UIXOP31IX0Idd €9c06¥Vd W W W 10°0 8 v/8'0¢ 44
* * asenuwsip apixosadns asaueduepy 800€YO ‘0ELLSVWY W W S 0Lo—  0¢Z Lv6'vT € S L $59.1S XO
q 10jeO0[SURL) BJe[RW/A1eIRIN|S0XO-T S000WZLEE - - - 010 1’0l T08'TE €
q Jopodsueny areydsoyd  ZOZOOW' LEIE ‘49 LOOW 869E - - D 10 v'6 120°€€ 4
q LNV J01D0[SuBl} 9PIOJINU BUIUSPY  OLLOOW'986T 9€100W'90ST - - b) 0L0— €0l 0LS'LY € 9¢
* [auueyd uoiue juspuadap-adeijop 9/100W L6bE - - - ro— 86 €99°¢¢ 4
* [uueyd uolue juapuadap-a3el oA 60700W981LS W ) ) 10°0 YAy rESvT z St
* [suueyd uoiue Juspuadap-adeljop YELOOW 186T ‘06808DVD  — b) - 00— /'8 S18°4T ¥$'97'9¢'6¢ gl
% |ouueyd uoiue juapuadap-adejjon 675901 - - - - - - Sy
« |puueyd uolue yuapuadap-adeljon £68784VD ‘€658¥D1 - W - 91'0— 6L 077'6¢ 9t yodsues)
(6WOL) 6 SUBIGUISW 13INO JO BSBIO|SUBI]  QETOOW SHEE LL100W v6bT — — - W 10°0— 0L S996 a4
sd W u1j04d "ON UOISS300Y dW 1d dL  AAVYD id ‘W SW-D1 IDOVd-Nd 3Dvd-dc sse|) |euonouny

panupuod 11 3qel

235

Plant Physiol. Vol. 132, 2003



Heazlewood et al.

236
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Matching of MS/MS spectra from peptides from
IEF/SDS-PAGE and BN SDS-PAGE spots to pre-
dicted gene products was performed using ProlD
software (Applied Biosystems, Sydney) with custom-
made databases using TIGR rice open reading frame
and EST data. Many of the rice proteins identified
were not represented at National Center for Biotech-
nology Information; thus, Mascot on-line (http://
www.matrixscience.com) could not be used routinely
for analysis. ProlD was used with mass accuracy
cutoffs of peptide mass = 0.15 and MS/MS ions *
0.05, which are significantly more stringent than
Mascot default settings. In most cases, more than
three matching MS/MS spectra were identified by
ProlD, but in the case of a number of proteins with
low masses (<15 kD), single or pairs of matching
MS/MS spectra with very high probabilities of
matching (>95%) derived by ProlD were evaluated
and included in Table II.

LC-MS/MS Analysis of Whole Mitochondrial
Protein Extracts

Gel-based arraying of protein samples can exclude
proteins from analysis due to hydrophobicity, size,
and pl that physically prevents separation in these
media. Gel arraying also prevents analysis of pep-
tides that are not easily eluted from polyacrylamide
gel samples. The use of reverse-phase chromatogra-
phy using C18 media provides a gel-free separation
of peptides from complex samples. Coupled with
on-line MS/MS analysis, the gradual elution of pep-
tides from reverse-phase C18 with organic solvent
can be used as a powerful proteomic identification
tool. We have taken this approach with a whole-rice
mitochondrial protein extract. The identified pep-
tides are matched back to predicted gene products,
and the total number of peptides matched provides
increasing confidence that the intact gene product
was present in the original sample before digestion.
Matching of peptides to predicted gene products was
again performed using ProlD (Applied Biosystems)
using mass accuracy cutoffs of peptide mass * 0.15
and MS/MS = 0.05. This analysis matched a set of
170 MS/MS spectra back to a set of 72 predicted rice
gene products (Table II). For multipeptide matches to
a single gene product, a probability cutoff of 85% in
ProlID was used to filter matches; for single peptide
matches, a probability cutoff of 99% in ProlD was
used for filtering.

A Wide Range of Mitochondrial Functions
Identified in Rice

Extensive discussions of many of the components
identified here and their biological roles can be found
in the earlier reports on the proteomes of Arabidopsis
and pea (Kruft et al., 2001; Millar et al., 2001; Bardel
et al., 2002). Here, we have largely restricted any
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Figure 2. BN SDS-PAGE separation of rice membrane mitochondrial proteins. A total of 89 protein spots from this map were
excised, digested, and analyzed by MS/MS. Fifty-seven were identified, and these are numbered for comparison with text and
Table II. Numbers on vertical axis are apparent molecular mass of protein subunits (kilodaltons), and annotations on
horizontal axis are known mitochondrial protein complexes identified in this study.

extensive comment to components that were not
identified in these earlier studies (Table II). The pro-
tein sequences for each entry were subjected to
BLAST-based similarity analysis to confirm annota-
tion or propose appropriate putative functional an-
notation for each entry.

Electron Transport Chain

Over 30 components of the five electron transport
chain complexes from rice were identified. Many of
these samples were from BN SDS-PAGE (Fig. 2). This
has now allowed the clear identification of the native
complexes separating by this technique and noted on
the horizontal axis of Figure 2. A significant number
of these identifications, although clear orthologs to
components of these complexes in other eukaryotic
species, have not been reported previously in plant
proteome mapping studies. These newly identified
components include two subunits of ATP synthase,
seven subunits of complex I, and three subunits of
complex IV (Table II).

Plant Physiol. Vol. 132, 2003

Carbon Metabolism

At least one component of each of the seven tricar-
boxylic acid cycle enzymes were identified in Table II
along with components of the associated pyruvate
dehydrogenase complex and the NAD-malic en-
zyme. The two distinct NAD-malic enzyme subunits
have been identified by antibody reaction on IEF/
SDS-PAGE from potato (Solanum tuberosum; Jenner et
al., 2001) but were not revealed by proteome map-
ping studies in Arabidopsis or pea. Here, the two
subunits were both found on BN SDS-PAGE and
appear to be present in separate high-molecular mass
complexes. The larger subunit is in a complex with a
mass over 300 kD based on its presence between
complex III and separated Fy of the ATP synthase
(Fig. 2). The E1 subunit of 2-oxoglutarate dehydro-
genase complex was not identified in the Arabidopsis
or pea reports, perhaps due to its large mass (Table
II). Three components associated with Gly metabo-
lism in mitochondria, the H and T subunits of Gly
decarboxylase and the Ser hydroxymethyltrans-
ferases, were identified, even though these rice mi-
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tochondria were isolated from dark-grown shoots
and the photorespiratory requirement for Gly metab-
olism was absent. A series of 18 enzymes involved in
amino acid metabolism (Glu dehydrogenase, Asp
transaminase, aldehyde dehydrogenases, and meth-
ylmalonate semi-aldehyde dehydrogenase), C1 me-
tabolism (formate dehydrogenase), nucleotide me-
tabolism (inosine-5-monophosphate dehydrogenase
and formyl transferase), and miscellaneous metabolic
functions were identified. Based on sequence similar-
ity, the formyl transferase is mostly likely a phospho-
ribosylglycinamide formyl transferase (GART) in-
volved in purine biosynthesis. The potential for plant
mitochondria to facilitate nucleotide metabolism has
been reported previously (Atkins et al., 1997; Smith et
al., 1998). The acetyl-CoA carboxylase is normally
involved in long-chain fatty acid synthesis, and al-
though this is commonly considered to be a plastidic
function in plants, both mammalian and yeast (Sac-
charomyces cerevisiae) mitochondria contain this en-
zyme (Schon, 2001).

Protein and Metabolite Transport

Four components of the import apparatus were
identified, two TIM components (subunits 9 and 17)
and two from the outer membrane TOM complex
(subunits 9 and 40). The latter comigrated during BN
electrophoresis (Fig. 2). In Arabidopsis, the TOM
complex has to be extensively purified to see its
subunits on BN-PAGE (Werhahn and Braun, 2002).
Interestingly, the TOM9 and TOM40 subunits repre-
sent the core of the TOM complex in yeast, to which
other subunits are peripherally attached. A series of
specific gene products for the outer membrane
voltage-dependent anion channels (porins) were
identified, along with three members of the carrier
family on the inner mitochondrial membrane respon-
sible for the exchange of inorganic phosphate, ATP/
ADP, and dicarboxylates. The Arabidopsis ortholog
of the dicarboxylate carrier has been shown recently
to be a broad dicarboxylate/tricarboxylate carrier ca-
pable of transporting many of the tricarboxylic acid
cycle intermediates that enter and exit plant mito-
chondria (Picault et al., 2002). These carriers were
identified mainly through LC-MS/MS, which is in
agreement with the difficulty of identifying these
proteins in two-dimensional gel separations from
Arabidopsis (Millar and Heazlewood, 2003). None of
these carrier proteins were identified in the IEF/SDS-
PAGE approaches in Arabidopsis or pea (Millar et
al., 2001; Bardel et al., 2002).

Miscellaneous Functions

The mitochondrial-specific superoxide dismutase
and the redox carriers, peroxiredoxin and adreno-
doxin, identified in Arabidopsis mitochondrial prep-
arations, were also identified here in rice. Members
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of the major mitochondrial molecular chaperone
classes (70, 60, and 10) and the prohibitins were also
found. A series of transcription/translation-related
proteins were identified, including a translation elon-
gation factor, a Gly-rich RNA-binding protein, and a
set of RNA helicases, like those observed in Arabi-
dopsis (Kruft et al., 2001; Millar et al., 2001). In ad-
dition, two members of the PPR (pentatricopeptide
repeat) family have been found, along with members
of the CH,H, zinc finger and CREB-binding families
putatively involved in protein-RNA interactions.
Proteins from the PPR class have been implicated in
nuclear restoration of cytoplasmic male sterility in
plants (Bentolila et al., 2002) and belong to a large
family of proteins that may be responsible for the
control of RNA stability and editing in plant mito-
chondria (Small and Peeters, 2000). To our knowl-
edge, this is the first time these proteins have been
definitively identified in plant mitochondrial iso-
lates. A series of miscellaneous function proteins in-
clude homologs of the ferripyochelin-binding pro-
teins that were also identified in Arabidopsis (Millar
et al., 2001). Homologs of the known mitochondrial
acid glycoprotein in yeast, Mam33p (Seytter et al.,
1998), the coiled-coil mitofilin motor protein for cy-
toskeleton attachment to mitochondria (Odgren et
al., 1996), along with actin itself, were also identified.
A set of 23 unknown function proteins have been
found for which no clear similarity based on se-
quence can be proposed, but a very significant num-
ber contain predicted mitochondrial-targeting prese-
quences (Table II).

DISCUSSION
Comparison of the Three Proteome Datasets

Each separation technique identified a series of
proteins contributing to a total of 136 nonredundant
rice proteins (Table II). Within the total set, each
separation technique matched 38% to 53% of the
identified proteins. Using the predicted protein se-
quences, a series of parameters were calculated that
included physical characteristics such as molecular
mass, pl, and hydrophobicity (GRAVY), and pre-
dicted intercellular targeting based on N-terminal
sequence as determined by Predotar, TargetP, and
MitoProtll. These data were then used for further
analysis of the proteome set as outlined below.

More Hydrophobic, Large, and Basic Proteins Were
Identified by BN SDS-PAGE and LC-MS Than by IEF/
SDS-PAGE Separations

When the protein identifications made by each
technique are considered in the context of physical
properties of the predicted proteins, such as hydro-
phobicity, molecular mass, and pl, an interesting pat-
tern emerges (Fig. 3, A-C). A GRAVY score is a
single-value indication of the overall hydropathicity

Plant Physiol. Vol. 132, 2003
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Figure 3. Comparison of identified rice protein sets. Proportion of
rice proteins identified by the three separation techniques (IEF/SDS-
PAGE, clear; BN SDS-PAGE, gray; and LC-MS, black) in different
classes of hydrophobicity (A), molecular mass (B), and pl (C). D,
Overlapping of targeting prediction of the rice proteins identified by
TargetP, Predotar, and MitoProtll. Numbers in each circle indicate
numbers predicted either by one, two, or all three predictors.
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of a protein sequence based on the Kyte and Doolittle
algorithms; the more positive the score, the more
hydrophobic the overall sequence (Kyte and
Doolittle, 1982). The addition of thiourea as a chao-
tropic agent, the advent of new nonionic sulfobetaine
detergents, and the use of the non-charged reductant,
tributylphosphine, have all been credited with allow-
ing more hydrophobic proteins to enter two-
dimensional gels for separation and analysis (Chev-
allet et al., 1998; Rabilloud, 1998). To date, proteins
with GRAVY scores of approximately +0.25 to +0.30
are considered to represent the upper limit of these
two-dimensional gel solubility improvements (Her-
bert, 1999). Our analysis has revealed that the highest
GRAVY score for a rice mitochondrial protein iden-
tified from IEF/SDS-PAGE was +0.14 for the ATP
synthase delta subunit. In BN SDS-PAGE, GRAVY
scores reached +0.84 in the case of subunit 9 of the
ATP synthase. Overall, there was little difference in
the proportion of identifications achieved by the
three separation techniques at GRAVY < +0.1, but
above this level, more than 60% of the identifications
were achieved from BN SDS-PAGE (Fig. 3A).

Proteins with large molecular masses can be sepa-
rated by single-dimension SDS-PAGE. Proteins as
large as 200 to 300 kD can be routinely separated
using gradient gels. However, such large proteins are
not very soluble during IEF and as a result, large
proteins (>100 kD) are rarely seen on IEF/SDS-
PAGE gels. The proportion of identifications of pro-
teins greater than 80 kD was very significantly
shifted toward the LC-MS/MS separations, where
size of the parent protein was not an impediment to
separation and analysis (Fig. 3B). The basicity of
proteins has often restricted identification from IEF/
SDS-PAGE due to the difficulty of preparing stable
gradients in excess of pH 10 for separation of such
proteins. Clearly, in our analysis, it is both the non-
IEF gel-separating technique of BN SDS-PAGE and
the non-gel LC MS/MS analysis that dominate the
identifications of proteins with pl values greater than
pH 9 (Fig. 3C).

These analyses clearly indicate that to fully charac-
terize mitochondrial proteomes, a series of experi-
mental approaches will be required to maximize the
representation of all proteins without bias based on
physical characteristics of size, charge, and hydro-
pathicity. LC MS/MS does not appear to be the com-
plete answer, although when many biases are elimi-
nated, a great deal of information about the parent
protein from which peptides are derived is lost. Fur-
thermore this technique appears to selectively not
identify some proteins present in two-dimensional
gel separation of the same material (Table II). Using
different gel-based approaches, information on pos-
sible posttranslational modifications (such as the
multiple spots for malate dehydrogenase, T protein
of GDC, alpha-subunit of ATP synthase, and E18-
subunit of pyruvate dehydrogenase subunit; Fig. 1;
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Table II) and protein-protein interactions (such as
components in the electron transport chain and im-
port translocase complexes; Fig. 2; Table II) can be
uncovered.

Targeting Prediction of the Rice Proteome Set

The predicted protein sequences of the identified
rice proteome were analyzed by three targeting pre-
diction programs commonly used to assess mito-
chondrial localization in plants (Table II). Five entries
in Table II were matched only to rice TCs. It is
unknown whether these represent full or partial se-
quences; thus, they have been excluded from the
analysis. Each prediction program assessed that ap-
proximately 50 to 60 of the protein products con-
tained N-terminal extensions for mitochondrial tar-
geting. In total, 77 of the 130 protein sequences were
predicted to be mitochondrial by at least one target-
ing program. Looking at the overlapping predictions
(Fig. 3D), TargetP identified the largest number of
proteins, and the combination of TargetP and Pre-
dotar provided the best pair for prediction in rice. In
the list of 39 proteins not assessed to be mitochon-
drial targeted by any program, a large number (19)
are well-known mitochondrial proteins involved in
the electron transport chain, tricarboxylic acid cycle,
import apparatus, and mitochondrial transport. This
lack of prediction may be explained either by the
absence of targeting presequences (as has been doc-
umented for carrier and import components; Millar
and Heazlewood, 2003), cryptic presequences not
recognized by these program, and/or the lack of
presequences due to incorrect annotation of the ex-
ons making up N-terminal sequences of these pre-
dicted proteins (Frishman et al.,, 1999). A further
three proteins are products of mitochondrial-
encoded genes (a-subunit ATP synthase, COXI, and
NAD?9); thus, they do not require targeting prese-
quences. A total of 11 of the unknown function pro-
teins identified were predicted as mitochondrial tar-
geted by at least one prediction program.

Comparison of Rice, Arabidopsis, and Pea
Mitochondrial Proteomes

A comparison between the proteins found here in
rice mitochondria and those previously discovered in
Arabidopsis (Kruft et al., 2001; Millar et al., 2001) and
pea mitochondria (Bardel et al., 2002) is presented in
the final two columns of Table II. An asterisk in the
second-to-last column indicates that an ortholog was
identified in Arabidopsis among the 91 nonredun-
dant set defined by the two Arabidopsis proteome
reports and several recent publications containing
small sets of proteins. Overall, this analysis indicates
that 71 proteins have been found in the mitochon-
drial proteomes of both species, including two of
unknown function. A further set of 28 of the identi-
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fied rice proteins represent orthologs of well-known
mitochondrial proteins in other eukaryotic systems
but have not be identified in the published Arabidop-
sis proteome to date. An asterisk in the last column
indicates that an ortholog was found in the nonre-
dundant set of 48 proteins found to date in pea
mitochondria. A total of 28 proteins were found in
both rice and pea mitochondria. Six of these proteins
were not observed in Arabidopsis mitochondria. This
leaves a set of 35 proteins, of which 21 have no
predicted function, that have been exclusively iden-
tified in rice mitochondria to date. This demonstrates
the necessity to compare mitochondrial proteomes
from different plant species, and most certainly be-
tween the major lineages of higher plants, to better
understand the complex role of these organelles in
the plant cell. However, until a much more complete
survey of the proteomes of mitochondria in several
plants is conducted in similar tissue types using more
similar protein arraying and identification technol-
ogy, it will be difficult to truly discuss the presence
and/or absence of specific proteins between plant
species with any accuracy. Currently, many absences
in the published Arabidopsis and pea sets reflect
technical issues rather than biological absence. Here,
we highlight the rice mitochondrial protein comple-
ment and present the tools that will be required for
such comparative plant proteome investigations in
the future.

MATERIALS AND METHODS
Growth of Rice Seedlings

Batches of 200 g of rice (Oryza sativa cv Amaroo) seed were washed in 1%
(w/v) bleach for 10 min, rinsed in distilled water, and grown in the dark in
vermiculite trays (30 X 40cm) at a constant 30°C, watered daily, and shoot
tissue harvested at 7 d for mitochondrial isolation.

Rice Mitochondrial Isolation

Rice shoots were harvested using scissors and cut into 5- to 10-mm
lengths into a beaker in ice. Cut shoots (100 g) were ground in a precooled
mortar and pestle using acid-washed sand in 300 mL of homogenization
solution (0.3 M Suc, 25 mM tetrasodiumpyrophosphate, 2 mm EDTA, 10 mm
KH,PO,, 1% [w/v] polyvinylpyrrolidone-40, 1% [w/v] bovine serum albu-
min, and 20 mm ascorbate [pH 7.5]). After filtering homogenate through
four layers of Miracloth (Calbiochem, San Diego), it was centrifuged for 5
min at 1,000g, and the supernatant was centrifuged again at 20,000¢ for 20
min. The resultant organelle pellet was resuspended in wash buffer (0.3 m
Suc, 10 mm TES-KOH [pH 7.5], and 0.1% [w/v] bovine serum albumin), and
the two centrifugations steps were repeated to produce a washed organelle
pellet. This resuspended pellet was layered over 0% to 4.4% (w/v)
polyvinylpyrrolidone-40 preformed gradient in a 28% (v/v) Percoll self-
forming gradient in wash buffer and centrifuged at 30,000¢ for 45 min.
Mitochondria formed a band toward the bottom of the gradient, the upper
plastid material was discarded, and the mitochondrial band was removed in
an attempt to minimize contamination of peroxisomal material from the
bottom of the gradient. After two wash centrifugation steps at 20,000g for 15
min, the pellet was layered over a second self-forming gradient consisting of
45% (v/v) Percoll in wash buffer and centrifuged for 30 min at 30,000g.
Mitochondria remained near the top of the gradient, whereas peroxisomal
material migrated to the bottom of the gradient. The mitochondrial layer
was aspirated and concentrated by wash centrifugation steps at 20,000g for
15 min.

Plant Physiol. Vol. 132, 2003



Respiratory Measurements

O, consumption was measured in a Clark-type O, electrode in 1 mL of
reaction medium containing: 0.3 M mannitol, 10 mm TES-KOH (pH 7.5), 5 mm
KH,PO,, 10 mm NaCl, 2 mm MgSO, and 0.1% (w/v) bovine serum albumin.
Pyruvate (5 mm), malate (0.5 mm), succinate (10 mm), NADH (1 mm), ADP
(0.5 mm), and myxothiazol (5 um) were added as indicated to modulate O,
consumption rates. Cytochrome c oxidase activity was measured as ascorbate
(5 mm) and cytochrome c (25 um)-dependent O, consumption in the presence
of 0.05% (w/v) Triton X-100. Outer membrane integrity was assayed as the
latency of cytochrome c oxidase activity (Neuberger, 1985).

Two-Dimensional Gel Electrophoresis

Mitochondria protein samples (500 pug) were acetone extracted by addi-
tion of acetone to a final concentration of 80% (v/v) at —80°C. Samples were
stored at —20°C for 4 h and then centrifuged at 20,000 for 15 min. The
pellets were resuspended in an IEF sample buffer consisting of: 6 m urea, 2
M thiourea, 2% (w/v) CHAPS, 2% (v/v) ampholytes (pH 3-10), 2 mm
tributylphosphine, and 0.001% (w/v) bromphenol blue. Aliquots of 360 uL
were used to reswell dried 180-mm, nonlinear immobilized pH gradient
strips (pH 3-10; Immobiline DryStrips, APBiotech, Sydney) overnight, and
then IEF was performed for 19.5 h, reaching a total of 49 kV h™! at 20°C on
a flat-bed electrophoresis unit (Multiphor II, APBiotech). Immobilized pH
gradient strips were then transferred to an equilibration buffer consisting of
50 mm Tris-HCI (pH 6.8), 4 M urea, 2% (w/v) SDS, 0.001% (w/v) Bromphe-
nol blue, and 100 mm mercaptoethanol and incubated for 20 min with
rocking. The equilibrated strips were then slotted into central single wells of
4% (w/v) acrylamide stacking gels above 0.1- X 18.5- X 20-cm, 12% (w/v)
acrylamide, 0.1% (w/v) SDS-polyacrylamide gels. Strips were overlaid with
0.5% (w/v) agarose in SDS-PAGE running buffer. Gel electrophoresis was
performed at 25 mA per gel with circulating cooling and completed in 5 h.
Proteins were visualized by colloidal Coomassie (G250) staining. M, and pl
standards from APBiotech were used to confirm fixed pH gradient posi-
tioning on first dimension separation and to identify apparent molecular
masses on second dimension separation.

BN PAGE/SDS-PAGE

BN PAGE was performed largely according to Jansch et al. (1996). Gels
consisted of a separating gel (5%-15% [w/v] acrylamide) and a stacking gel
(4% [w/v] acrylamide) were formed in a solution of 0.25 M e-amino-n-
caproic acid and 25 mm Bis-Tris-HCl (pH 7.0). The anode buffer consisted of
50 mm Tricine, 15 mM Bis-Tris-HCl, 0.02% (w/v) Blue G250 (pH 7.0), and the
cathode buffer of 50 mm Bis-Tris-HCI (pH 7.0). Aliquots of 1 mg of mem-
brane protein were suspended in 75 uL of an amino caproic acid buffer
solution (containing 0.75 M e-amino-n-caproic acid, 0.5 mm Na,EDTA, and
50 mwm Bis-Tris-HCl [pH 7.0]) followed by the addition of 15 uL of a freshly
prepared solution of 10% (w/v) n-dodecylmaltoside. Afterward, 10-min
centrifugation at 20,000 was performed. Fifteen microliters of 5% (w/v)
Blue G250 was added to the supernatants (dissolved in amino caproic acid
buffer). Gels were run at 4°C in a precooled apparatus with all samples, and
buffers were precooled to 4°C. Approximately 30 min before the run, 0.03%
(w/v) n-dodecylmaltoside was added to the cathode buffer only. Electro-
phoresis was commenced at 100-V constant voltage for 45 min and then
increased to 15 mA without voltage limitation for 5 h. BN lanes were cut
from gels, equilibrated in standard SDS-PAGE sample buffer for 30 min, laid
horizontally on 12% (w/v) acrylamide SDS-PAGE separating gels, sealed in
with 0.5% (w/v) agarose, and electrophoresis was continued for 5 h under
standard conditions.

Trypsin Digestion of Gel Plugs and Whole
Mitochondrial Extracts

Protein spots to be analyzed were cut from two-dimensional PAGE gels,
destained, dried at 50°C, and digested with trypsin according to Sweetlove
et al. (2001). Aliquots of 50 ug of purified rice mitochondrial protein were
acetone precipitated, and the protein pellets were air dried. A digestion
solution consisting of 100 mwm Tris-HCl (pH 8.6) and 50 ug mL ™! trypsin was
added to a total volume of 45 uL, and the digestion mixture was incubated
for 16 h at 37°C.
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Quadrupole TOF MS

Quadrupole TOF MS/MS was performed on an Applied Biosystems
Q-STAR Pulsar using an IonSpray source. Samples from gel plugs were
directly injected into the electrospray source in 50% (v/v) methanol/0.1%
(v/v) formic acid, and selected doubly charged peptides, identified in
MS-TOF mode, were fragmented by N, collision and analyzed by MS/MS
using IDA software (Applied Biosystems, Foster City, CA). Samples from
digestion of whole extracts were bound onto a microbore HPLC C18 column
(Agilent, Palo Alto, CA) and eluted over 6 h with a linear acetonitrile
gradient from 2% to 80% (v/v) in water. Mass spectra and collision MS/MS
data were analyzed with Analyst QS and BioAnalyst software (Applied
Biosystems).

Identification of Database Entry Matches and
Sequence Analysis

TIGR draft rice genome and rice EST gene indices and rice National
Center for Biotechnology Information entries were used for sequence
matches. Predotar (http:/ /www.inra.fr/Internet/Produits /Predotar/), Tar-
getP (http:/ /www.cbs.dtu.dk/services/TargetP/), and MitoProtlII (http://
www.mips.biochem.mpg.de/cgi-bin/proj/medgen/mitofilter) predictions
were determined using full-length predicted protein sequences. Molecular
mass, pl, and GRAVY scores were determined using the ProtParam pro-
gram on an ExPASy Web site (http://au.expasy.org).

Received December 9, 2002; returned for revision January 10, 2003; accepted
February 3, 2003.

LITERATURE CITED

Arabidopsis Genome Initiative (2000) Analysis of the genome sequence of
the flowering plant Arabidopsis thaliana. Nature 408: 796-815

Atkins CA, Smith PMC, Storer PJ (1997) Re-examination of the intracellular
localisation of de novo purine synthesis in cowpea nodules. Plant Physiol
113: 127-135

Bardel J, Louwagie M, Jaquinod M, Jourdain A, Luche S, Rabilloud T,
Macherel D, Garin J, Bourguignon J (2002) A survey of the plant
mitochondrial proteome in relation to development. Proteomics 2:
880-898

Bartoli C, Pastori G, Foyer C (2000) Ascorbate biosynthesis in mitochondria
is linked to the electron transport chain between complexes III and IV.
Plant Physiol 123: 335-343

Bentolila S, Alfonso AA, Hanson MR (2002) A pentatricopeptide repeat-
containing gene restores fertility to cytoplasmic male-sterile plants. Proc
Natl Acad Sci USA 99: 10887-10892

Chevallet M, Santoni V, Poinas A, Rouquie D, Fuchs A, Kieffer S, Ros-
signol M, Lunardi J, Garin J, Rabilloud T (1998) New zwitterionic
detergents improve the analysis of membrane proteins by two-
dimensional electrophoresis. Electrophoresis 19: 1901-1909

Claros MG, Vincens P (1996) Computational method to predict mitochon-
drially imported proteins and their targeting sequences. Eur ] Biochem
241: 779-786

Considine M, Holtzapffel RC, Day DA, Whelan ], Millar AH (2002)
Molecular distinction between alternative oxidase from monocots and
dicots. Plant Physiol 129: 949-953

Daly DC, Cameron KM, Stevenson DW (2001) Plant systematics in the age
of genomics. Plant Physiol 127: 1328-1333

Emanuelsson O, Nielsen H, Brunak S, von Heijne G (2000) Predicting
subcellular localization of proteins based on their N-terminal amino acid
sequence. ] Mol Biol 300: 1005-1016

Fey J, Marechal-Drouard L (1999) Compilation and analysis of plant mito-
chondrial promoter sequences: an illustration of a divergent evolution
between monocot and dicot mitochondria. Biochem Biophys Res Com-
mun 256: 409-414

Frishman D, Mironov A, Gelfand M (1999) Starts of bacterial genes: esti-
mating the reliability of computer predictions. Gene 234: 257-265

Goff SA, Ricke D, Lan TH, Prestig G, Wang R, Dunn M, Glazebrook J,
Sessions A, Oeller P, Varma H et al. (2002) A draft sequence of the rice
genome (Oryza sativa L. ssp. japonica). Science 296: 92-100

Gray M, Burger G, Lang F (1999) Mitochondrial evolution. Science 283:
1476-1481

241



Heazlewood et al.

Gueguen V, Macherel D, Jaquinod M, Douce R, Bourguignon J (2000)
Fatty acid and lipoic acid biosynthesis in higher plant mitochondria.
J Biol Chem 275: 5016-5025

Herbert B (1999) Advances in protein solubilisation for two-dimensional
electrophoresis. Electrophoresis 20: 660-663

Herbert BR, Molloy MP, Gooley AA, Walsh BJ, Bryson WG, Williams KL
(1998) Improved protein solubility in two-dimensional electrophoresis
using tributyl phosphine as reducing agent. Electrophoresis 19: 845-851

Jansch L, Kruft V, Schmitz UK, Braun HP (1996) New insights into the
composition, molecular mass and stoichiometry of the protein complexes
of plant mitochondria. Plant J 9: 357-368

Jenner HL, Winning BM, Millar AH, Tomlinson KL, Leaver CJ, Hill SA
(2001) NAD malic enzyme and the control of carbohydrate metabolism in
potato tubers. Plant Physiol 126: 1139-1149

Kruft V, Eubel H, Jansch L, Werhahn W, Braun HP (2001) Proteomic
approach to identify novel mitochondrial proteins in Arabidopsis. Plant
Physiol 127: 1694-1710

Kyte J, Doolittle R (1982) A simple method for displaying the hydropathic
character of a protein. ] Mol Biol 157: 105-132

Millar AH, Heazlewood JL (2003) Genomic and proteomic analysis of
mitochondrial carrier proteins in Arabidopsis thaliana. Plant Physiol 131:
443-453

Millar AH, Sweetlove LJ, Giege P, Leaver CJ (2001) Analysis of the Ara-
bidopsis mitochondrial proteome. Plant Physiol 127: 1711-1727

Neuberger M (1985) Preparation of plant mitochondria, criteria for assess-
ment of mitochondrial integrity and purity, survival in vitro. In R Douce,
D Day, eds, Higher Plant Cell Respiration. Springer-Verlag, Berlin, pp
7-24

Odgren PR, Toukatly G, Bangs PL, Gilmore R, Fey EG (1996) Molecular
characterisation of mitofilin (HMP), a mitochondrial associated protein
with predicted coiled coil and intermembrane space targeting domains.
J Cell Sci 109: 2253-2264

Picault N, Palmieri L, Pisano I, Hodges M, Palmieri F (2002) Identification
of a novel transporter for dicarboxylates and tricarboxylates in plant
mitochondria. J Biol Chem 277: 24204-24211

Qiu Y, Lee J, Bernasconi-Quadroni F, Soltis DE, Soltis PS, Zanis M,
Zimmer EA, Chen Z, Savolainen V, Chase MW (1999) The earliest
angiosperms: evidence from mitochondrial, plastid and nuclear genomes.
Nature 402: 404-407

Rabilloud T (1998) Use of thiourea to increase the solubility of membrane
proteins in two-dimensional electrophoresis. Electrophoresis 19: 758-760

Rebeille F, Macherel D, Mouillon JM, Garin J, Douce R (1997) Folate
biosynthesis in higher plants: purification and molecular cloning of a
bifunctional 6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase/
7,8-dihydropteroate synthase localized in mitochondria. EMBO ] 16:
947-957

242

Santoni V, Kieffer S, Desclaux D, Masson F, Rabilloud T (2000) Membrane
proteomics: use of additive main effects with multiplicative interaction
model to classify plasma membrane proteins according to their solubility
and electrophoretic properties. Electrophoresis 21: 3329-3344

Santoni V, Rabilloud T, Doumas P, Rouquie D, Mansion M, Kieffer S,
Garin J, Rossignol M (1999) Towards the recovery of hydrophobic
proteins on two-dimensional electrophoresis gels. Electrophoresis 20:
705-711

Schagger H, Cramer WA, von Jagow G (1994) Analysis of molecular masses
and oligometric states of protein complexes by blue native electrophore-
sis and isolation of membrane protein complexes by two-dimensional
native electrophoresis. Anal Biochem 217: 220-230

Schon EA (2001) Gene products present in mitochondria of yeast and
animal cells. In LA Pon, EA Schon, eds, Mitochondria, Vol 65, Methods in
Cell Biology. Academic Press, San Diego, pp 463-482

Seytter T, Lottspeich F, Neupert W, Schwarz E (1998) Mam33p, an oligo-
meric, acidic protein in the mitochondrial matrix of Saccharomyces cerevi-
siae is related to the human complement receptor gClg-R. Yeast 14:
303-310

Small ID, Peeters N (2000) The PPR motif: a TPR-related motif prevalent in
plant organellar proteins. Trends Biochem Sci 25: 46-47

Smith PMC, Mann AJ, Goggin DE, Atkins CA (1998) Air synthetase in
cowpea nodules: a single gene product targeted to two organelles. Plant
Mol Biol 36: 811-820

Soltis PS, Soltis DE, Chase MW (1999) Angiosperm phylogeny inferred
from multiple genes as a tool for comparative biology. Nature 402:
402-404

Sweetlove LJ, Heazlewood JL, Herald V, Holtzapffel R, Day DA, Leaver
CJ, Millar AH (2002) The impact of oxidative stress on Arabidopsis
mitochondria. Plant J 32: 891-904

Sweetlove L], Mowday B, Hebestreit HF, Leaver CJ, Millar AH (2001)
Nucleoside diphosphate kinase III is localized to the inter-membrane
space in plant mitochondria. FEBS Lett 16: 272-276

Thelen JJ, Muszynski MG, David NR, Luethy MH, Elthon TE, Miernyk
JA, Randall DD (1999) The dihydrolipoamide S-acetyltransferase sub-
unit of the mitochondrial pyruvate dehydrogenase complex from maize
contains a single lipoyl domain. ] Biol Chem 274: 21769-21775

Washburn MP, Wolters D, Yates JR (2001) Large scale analysis of the yeast
proteome by multidimensional protein identification technology. Nat
Biotechnol 19: 242-247

Werhahn W, Braun HP (2002) Biochemical dissection of the mitochondrial
proteome from Arabidopsis thaliana by three-dimensional gel electro-
phoresis. Electrophoresis 23: 640-646

YuJ, Hu S, Wang J, Wong GK, Li S, Liu B, Deng Y, Dai L, Zhou Y, Zhang
X et al (2002) A draft sequence of the rice genome (Oryza sativa L. ssp
indica). Science 296: 79-92

Plant Physiol. Vol. 132, 2003



