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Fig. 7 Autophosphorylation of IO-SMP proteins. Phosphor-
Image of IO-SMP proteins blotted to PVDF membranes, phos-
phorylated either in vitro or in situ. Lane 1, IO-SMP proteins in
lxR buffer were phosphorylated for 10 min with [y-32P]ATP/ATP
according to the standard in vitro assay prior to SDS-PAGE and
transfer to membrane; Lanes 2 to 4, IO-SMP proteins renaturated
and phosphorylated in situ on PVDF membranes. Lanes 2 and 3,
proteins incubated with [y-32P]ATP. Lane 4, proteins incubated
with [a-32P]ATP. The in situ labelling was carried out for 8 h in 50
mM HEPES-KOH, pH 7.5 buffer supplemented with either 10
mM EDTA (lane 2) or 10 mM MgCl2+0.2 mM CaCl2 (lane 3 and
4). Phosphoproteins were visualised by Phosphorlmaging. Pro-
teins discussed in the text are marked by arrows and the positions
of molecular mass markers (kDa) are indicated.

(Duclos et al. 1991). A 37 kDa phosphoprotein was acid-
labile and alkali-stable, suggesting phosphorylation on
histidine residues. The remaining phosphoproteins in the
inner membrane showed alkaline lability and acid stability
(Fig. 8), indicating phosphorylation on serine or threonine
residues.

Discussion

The phosphoproteins and kinase(s) are inner membrane
proteins facing the matrix

IO-SMP prepared from potato tuber mitochondria
consist of inner membrane vesicles depleted of matrix
proteins (Liden et al. 1987, Pical et al. 1993). Thus, protein
phosphorylation in these membranes is catalysed by en-
dogenous membrane-bound kinase(s) and all the substrates
are membrane-bound proteins.

Both the kinase substrates and the active site of the
protein kinase(s) are located on the matrix surface of the
inner membranes since (1) the SMP are inside-out and
sealed (Rasmusson and Meller 1991); (2) there is no ADP
inside the IO-SMP vesicles to exchange with [y-32P]ATP on
the ATP-ADP carrier.

The protein phosphorylation pattern of IO-SMPs

14.4 16 kDa

Fig. 8 Acid and alkali treatment of IO-SMP phosphoproteins.
Phosphorlmage of 16 min in vitro phosphorylated IO-SMP pro-
teins separated by SDS-PAGE and transferred to PVDF mem-
branes. Except for the PVDF membrane marked control, which
was dried immediately, the rest of the PVDF membranes were
incubated at 65°C for 2 h in either of the following solutions; 50
mM HEPES-KOH, pH 7.5 or 0.5 M HC1 or 0.5 M NaOH. After
incubation, the membranes were dried and exposed to a Phos-
phorlmager plate. Proteins discussed in the text are marked by
arrows, and the positions of molecular mass markers (kDa) are
indicated.

(Fig. IB) showed no similarity with the phosphorylation
pattern of intact mitochondria, mitochondrial matrix pro-
teins or mitochondrial outer membrane proteins (Pical et
al. 1993; our unpublished results). Phosphorylation with
[y-32P]ATP in intact mitochondria or IO-SMP in the pres-
ence of oligomycin (which inhibits both the synthesis and
hydrolysis of ATP by the ATPase) changed neither the
amount of 32P incorporation nor the phosphorylation pat-
tern compared with the control in intact mitochondria
(Petit et al. 1990), or in the inner membranes (results not
shown).

Properties of inner membrane protein phosphorylation
Although cAMP-dependent protein kinases have been

reported in mammalian mitochondria (Papa et al. 1996 and
ref. therein), no such protein kinases have been detected
when phosphorylation was carried using intact plant mito-
chondria (Danko and Markwell 1995), or IO-SMP (our
unpublished results).

The phosphorylation of the inner membrane proteins
requires divalent cations. A notable exception is a 17 kDa
protein which is phosphorylated only in their absence
(Fig. 3). The phosphorylation takes 15-20 min to reach
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maximum 32P incorporation (Fig. 4), much longer than the
2-3 min reported for intact mitochondria (Sommarin et
al. 1990). The Km (ATP) varied between 65 and 110 ̂ M for
the various phosphoproteins and maximum 32P incorpora-
tion was reached at an ATP concentration above 200 fiM
(Fig. 5). These results should not be compared directly with
results obtained with intact mitochondria, where the ac-
tivities of outer membrane and matrix kinases predominate
(Pical et al. 1993).

Total 32P incorporation into IO-SMP proteins had the
same broad optimum at pH 6.5-8 (Fig. 6) as observed with
intact mitochondria (Danko and Markwell 1985, Somma-
rin et al. 1990), whereas the optimum pH for labelling in-
dividual phosphoproteins varied from pH 6.0 to pH 8.0
(Fig. 6). As a comparison two mammalian membrane-
bound protein kinases, purified from bovine heart mito-
chondria (Kitagawa and Racker 1982), and a inner mem-
brane protein kinase(s) prepared from mouse liver
(Vardanis 1976) showed sharp pH optima at pH 9, pH 7.5
and pH 8.5, respectively.

Protein phosphorylation of IO-SMP proteins, includ-
ing the 22 and 28 kDa F0F! subunits, was stimulated by the
oxidising reagent ferricyanide (Fig. 2). Addition of ferricy-
anide to inner membranes lacking reduced substrates will
oxidise the quinone pool, and this may trigger, directly or
indirectly, an inner membrane kinase leading to an in-
creased phosphorylation of inner membrane proteins. This
is opposite to the effect of ferricyanide on protein phos-
phorylation in chloroplast thylakoid membranes (Allen et
al. 1981).

Except for the 37 kDa phosphohistidine protein, the
inner membrane phosphoproteins showed 32P incorpora-
tion into serine and threonine residues (Fig. 8), which was

also confirmed by TLC electrophoresis of the 22 and 28
kDa F0F]-subunit proteins (results not shown). Genistein
inhibited tyrosine kinases in transformed plant roots
(Rodriguez-Zapata and Hernandez-Sotomayor 1998) and
in chloroplast thylakoids whereas it had no effect on
mitochondrial protein phosphorylation (Tullberg et al.
1998). None of the inner membrane phosphoproteins was
stable under both acidic and alkaline conditions (Fig. 8),
and their phosphorylation was unaffected by genistein
(data not shown). All of this suggests that the detected
mitochondrial inner membrane phosphoproteins are not
labelled on tyrosine residues.

The individual phosphoproteins
The properties of a number of the phosphoproteins,

identified by apparent molecular mass, are summarised in
Table 1.

The 22 and the 28 kDa FJFrSubunits—-The 22 kDa
F,-ATPase <5'-subunit and the 28 kDa F0-ATPase b-subunit
are known phosphoproteins (Struglics et al. 1998). The
F0Frsubunits were both modified by phosphomonoester
linkages (on serine or threonine), but the t\n, and the pH
optima for phosphorylation of these proteins differ (see
Table 1). This may mean that they are phosphorylated by
two different protein kinases. Alternatively, one protein
kinase has different affinities for the two F0Frsubunits.

The 16.5 and 30 kDa autophosphorylated proteins—
Soluble autophosphorylated proteins have been identified
in the matrix of mitochondria from mammals (Lambeth et
al. 1997, Bradford and Yeamen 1986) and plants (Rubin
and Randall 1977, Miernyk et al. 1992). One third of all
detected/identified plant protein kinases showed auto-
phosphorylation (Budde and Randall 1990). We suggest

Table 1 Features of 32P labelling of specific inner membrane proteins of mitochondria

Mw [a-32P]ATP [y-32P]ATP Mg2+ EDTA ti/2(min) pH" Ser/Thr-P His-P Comments

16

16.5

17
22
28
30

37
110

yes no strongest labelled protein
in IO-SMP *

nd

nd

nd
4
2

nd

nd
nd

nd

nd
6.5-8

8
nd

nd
nd

nd

nd
yes
yes
nd

no
no

nd

nd
no
no
nd

yes
no

autophosphorylated,
putative kinase*
putative NDP K*
Fi <5'-subunit
Fo b-subunit
autophosphorylated,
putative protein kinase6

acid labile protein
adenylylated proteinc

Summary of 32P
or no labelling;
" Optimum pH
4 See also text.
c AMP or ADP binding protein.

labelling of inner membrane proteins investigated in this study. + , stimulation and increased labelling; —, inhibition
nd, not determined; Mw, apparent molecular mass in kDa.
for labelling.
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that the inner membrane 30 kDa autophosphorylated pro-
tein (Fig. 7) is a protein kinase, although it may also be the
catalytic subunit of a larger multisubunit protein kinase.
This would be consistent with the observation that the
catalytic subunit of many protein kinases is approximately
30-45 kDa (Hanks et al. 1988).

The 16.5 kDa protein is autophosphorylated and
therefore a putative kinase (Fig. 7). It is too small to agree
with the current understanding of the size limitations of
protein kinases (Hanks et al. 1988), and may therefore be a
kinase for another class of substrate.

The 37 kDa phosphoprotein—The 32P-labelled IO-
SMP contain a 37 kDa phosphohistidine protein, as con-
cluded from the acid-alkali stability measurements (Fig. 8).
A 36 kDa phosphohistidine protein from rat mitochondria
(Backer et al. 1986) and a 37 kDa phosphohistidine protein
from pea leaf mitochondria (Hakansson and Allen 1995)
have also been reported. Since phosphohistidine proteins
are often involved in signal transduction pathways, and
have been predicted to be present in the inner mitochon-
drial membrane (Allen 1993a), the 37 kDa inner membrane
bound phosphohistidine protein may be a sensor kinase of
the bacterial type two-component signal transduction
pathway (Parkinson and Kofoid 1992).

The 17 kDa phosphoprotein—The 17 kDa inner
membrane phosphoprotein was phosphorylated only in
the absence of cations (Fig. 3). Noiman and Shaul (1995)
showed that a 17 kDa NDPK protein was heavily phos-
phorylated in the presence of EDTA and Muhonen and
Lambeth (1995) suggested that NDPK in rat liver mito-
chondria is membrane-bound. It is therefore possible that
the 17 kDa EDTA-stimulated phosphoprotein (shown in
Fig. 3) is a plant mitochondrial inner membrane bound
NDPK.

The 16 kDa phosphoprotein—The 16 kDa phos-
phoprotein was the most heavily labelled protein in potato
tuber inner mitochondrial membranes (Fig. 1). We can not
exclude the possibility that this protein, in its unphos-
phorylated form, on SDS-PAGE migrates to an apparent
size of 16.5 kDa and it may therefore be identical to the
autophosphorylated 16.5 kDa protein (Fig. 7). It is interes-
ting to note that Steenaart and Shore (1997) identified the
most heavily labelled protein in their mitochondrial mem-
brane fraction, a 17 kDa phosphoprotein, as cytochrome c
oxidase subunit IV.

Perspectives
Protein phosphorylation and dephosphorylation are

often involved in one or more steps in signal transduction
pathways. These reactions are also ubiquitous as regulato-
ry mechanisms which change the properties of target en-
zymes. The present paper describes the properties of a
number of novel protein phosphorylation reactions in the
inner membrane of plant mitochondria. The next step is

to identify and characterize the kinases and phosphatases
responsible for the phosphorylation/dephosphorylation.
In parallel, the role of protein phosphorylation should
be investigated by identifying the phosphoproteins and
looking at possible changes in their properties or in the
properties of the complexes in which they are subunits (e.g.
the F0FrATPase subunits). Since the protein phosphory-
lation described here is redox-regulated (Fig. 2), it is
tempting to speculate that some of the phosphoproteins are
part of the respiratory chain and that electron transport is
modified by the phosphorylation. Plant and fungal mito-
chondria contain specific enzymes, including the alterna-
tive oxidase (Vanlerberghe and Mclntosh 1997) and alter-
native NAD(P)H dehydrogenases (Meller and Rasmusson
1998), and it would be of interest to know whether the
protein phosphorylation events described here are specific
to plant mitochondria, or of general importance in eukar-
yotic cells. In prokaryotes, two-component signal trans-
duction pathways involve phosphorylation of a sensor ki-
nase on histidine, and of a response regulator on aspartate
(Parkinson and Kofoid 1992). The persistence, in evolu-
tion, of two-component redox signalling pathways (Allen
1993b) may be essential for the function of the genetic
systems of mitochondria and chloroplasts (Allen 1993a,
Race et al. 1999). The 37 kDa phosphohistidine protein
identified here may be part of such a signal transduction
pathway, allowing the respiratory chain to exert regulatory
control over gene expression and other mitochondrial
processes. Protein phosphorylation reactions such as those
described here may thus be crucial for the integration of
function, assembly and biogenesis of mitochondria.
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