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ATP-binding cassette (ABC) adenosine triphosphatases actively transport a 
wide variety of compounds across biological membranes. Here, the ABC protein 
Mdl l  was identified as an intracellular peptide transporter localized in the inner 
membrane of yeast mitochondria. Mdl l  was required for mitochondrial export 
of peptides with molecular masses of -2100 t o  600 daltons generated by 
proteolysis of inner-membrane proteins by the m-AAA protease in the mito- 
chondrial matrix. Proteolysis by the i-AAA protease in the intermembrane space 
led to  the release of similar-sized peptides independent of Mdll .  Thus, two 
pathways of peptide efflux from mitochondria exist that may allow commu- 
nication between mitochondria and their cellular environment. 

Various adenosine 5'-triphosphate ( A T P t  
dependent proteases within mitochondria 
constitute conserved, apparently ubiquitous 
protein families in eukaryotic cells. Two ho- 
mologous proteolytic complexes that have 
been identified in the mitochondrial inner 
membrane-the m- and i-AAA protease- 
expose their catalytic sites to the matrix and 
intermembrane space, respectively (I). They 
exert multiple functions that are essential for 
cell viability and mitochondrial biogenesis 
and constitute a quality-control system for the 
degradation of nonassembled inner-mem-
brane proteins. Here we analyze the charac- 
teristics and the fate of proteolytic breakdown 
products of inner-membrane proteins, using 
the yeast Saccharomyces cerevisiae as a 
model system. 

Mitochondrially encoded respiratory-
chain subunits, which have been synthesized 
in the presence of [35S]methionine in isolated 
organelles, lack assembly partners encoded 
by the nucleus and are therefore rapidly de- 
graded by the m-AAA protease (2,3). Protein 
turnover can be quantified by determining the 
increase in radioactivity in the acid-soluble 
fraction after precipitation with trichloroace- 
tic acid (TCA) (Fig. 1A). To examine wheth- 
er these degradation products remain associ- 
ated with mitochondria or are released from 
the organelle, we isolated mitochondria by 
centrifugation before the addition of TCA 
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and determined radioactivity present in the 
supernatant fraction (Fig. 1A) (4). Degrada-
tion products were almost exclusively detect- 
ed in the supernatant, indicating rapid release 
from mitochondria (Fig. IA). The release was 
dependent on proteolysis by the m-AAA pro- 
tease because it was abrogated in mitochon- 
dria that lacked m-AAA protease subunits 
YtalO or Ytal2 or that expressed proteolyti- 
cally inactive variants of both subunits (Fig. 
1B). Proteolytic products accumulated, how- 
ever, at wild-type levels in the supernatant of 
Aymel mitochondria that lacked the i-AAA 
protease (Fig. IB). 

To characterize the released products, we 
performed high-resolution gel filtration anal- 
ysis of wild-type supernatants (5). Free me- 
thionine constituted -70% of the radioactiv- 
ity recovered (Fig. lC), demonstrating the 
capacity of the mitochondrial proteolytic sys- 
tem to completely degrade polypeptides to 
free amino acids (6) . About 30% of the re- 
leased material resolved as a heterogeneous 
peptide mixture that could be split broadly 
into two peaks with molecular masses of 
-2100 to 600 daltons and -600 to 200 dal- 
tons (Fig. 1C). The efflux of radioactive ma- 
terial was greatly diminished in AytalO mi- 
tochondria lacking m-AAA protease (Fig. 
1C). Thus, in addition to free amino acids, 
peptides were released from mitochondria 
upon degradation of inner-membrane pro-
teins by the m-AAA protease. We observed 
an -10-fold overall increase in radioactivity 

from the supernatant of wild-type 
mitochondria over time. There were, howev- 
er, no gross differences in the overall peptide 
profile, which suggests that the release of the 
degradation products was rapid (Fig. IC). 

peptide &.lease could bemediated by the 
m-AAA protease itself, which may form a 
h ~ d r ~ ~ h i l i cPore in the inner membrane. Al- 
ternatively, peptide transporter(s) could ac- 

tively export peptides from the mitochondrial 
matrix to the intermembrane space. The only 
known intracellular peptide translocator is the 
transporter associated with antigen presenta- 
tion (TAP), a member of the ABC transporter 
family (7, 8), which mediates the import of 
peptides into the lumen of the endoplasmic 
reticulum (ER) (9, 10). In yeast, one ABC 
transporter has been localized to mitochon- 
dria (II),  where it plays a critical role in the 
synthesis of cytosolic FeS proteins (12). By 
screening yeast databases for potential addi- 
tional mitochondrial ABC transporter pro-
teins homologous to TAP, we identified two 
candidate proteins, Mdll and Md12, which 
are half-type ABC proteins with putative 
NH,-terminal mitochondrial-targeting se-
quences (13, 14). Both proteins were indeed 
detected in isolated mitochondria by immu- 
noblotting with Mdll- and Mdl2-specific an- 
tisera (Fig. 2B) (15). Furthermore, when syn- 
thesized in a cell-free system in the presence 
of [35S]methionine and incubated with isolat- 
ed mitochondria, import of both proteins into 
a protease-resistant location occurred, con-
firming mitochondrial targeting (Fig. 2A). 
Import depended on an electrochemical po- 
tential across the inner membrane and was 
accompanied by proteolytic processing (Fig. 
2A). The mature forms had the same molec- 
ular masses as endogenous Mdll and Md12- 
70 and 88 kD, respectively. Submitochondri- 
a1 fractionation studies characterized both 
molecules as inner-membrane proteins (Fig. 
2, A to C). They were recovered from the 
pellet fraction upon alkaline extraction of 
mitochondria, were accessible to protease 
only after osmotic disruption of the outer 
membrane (Fig. 2, A and B), and copurified 
with the inner membrane upon sucrose gra- 
dient centrifugation (Fig. 2C). 

The native molecular masses of Mdl l and 
Md12 were determined in gel filtration exper- 
iments after solubilization of mitochondrial 
membranes (16). Mdll eluted from the col- 
umn in fractions corresponding to a molecu- 
lar mass of -200 kD, whereas Md12 was 
recovered as a -300-kD complex (Fig. 2D). 
Deletion of either MDLI or MDL2 did not 
affect the native molecular masses of Md12 or 
Mdll, respectively, under these conditions 
(Fig. 2D). Thus, Mdll and Md12 are part of 
two independent oligomeric structures in the 
mitochondrial inner membrane. 

Cell growth on fermentable or nonfer-
mentable carbon sources was not affected in 
the absence of Mdll, whereas deletion of 
MDL2 impaired respiratory cell growth at 
37°C (17). We isolated mitochondria from 
Amdll and Amdl2 strains, labeled mitochon- 
drially encoded proteins, and analyzed the 
release and nature of the degradation prod- 
ucts. Deletion of MDLI or MDL2 did not 
impair proteolysis. The release of long pep- 
tides (peak I), however, was reduced by 

www.sciencemag.org SCIENCE VOL 291 16 MARCH 2001 2135 



R E P O R T S  

-40% in An~clll mitochondria, as revealed 
by gel filtration analysis of the supernatant 
fraction (Fig. 3, A and B) (18). Overexpres- 
sion o f  Mdl l  in Ar,~clll cells completely re- 
stored this transport defect but did not in- 
crease the quantity o f  long peptides being 
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Fig. 1. Peptide release from mitochondria. (A) 
Proteolysis of newly synthesized mitochondrial 
translation products was monitored by deter- 
mination of TCA-soluble (.) and TCA-insoluble 
(0)  radioactive material (left). (Right) Radioac- 
tivity in the supernatant was measured after 
removal of mitochondria by centrifugation (a). 
Mitochondria in the pellet were subjected to 
TCA precipitation, split into acid-soluble (0) 
and -insoluble (0)  fractions by centrifugation, 
and radioactivity was determined. At each time 
point, recovered counts in both fractions (Left) 
or all three fractions (right) was set to 100%. 
(B) Peptide release depends on proteolysis by 
the m-AAA protease. Radioactivity was deter- 
mined in supernatant fractions (SIN) of wild- 
type mitochondria (Wt, .), mitochondria lack- 
ing YtalO (A), Ytal2 (V), or Ymel (a), and of 
Ayta 70Ayta72 mitochondria expressing pro- 
teolytically inactive Yta10Ess9Q and YtalZE614Q 
(ytalOytal2, A). (C) Release of a heteroge- 
neous spectrum of peptides and amino acid 
residues from mitochondria. Supernatants were 
collected from wild-type (upper panel) and 
Ayta70 mitochondria (lower panel) after 0 min 
(A), 5 min (a), and 30 min (.) at 37OC. Sam- 
ples were fractionated on a Superdex Peptide 
gel filtration column, and radioactivity in eluate 
fractions was determined. 

exported from mitochondria (Fig. 3, A and B) mitochondria in  the absence o f  Mdl  1 , 
(19). Shorter peptides as well as free methi- pointing to the existence o f  an additional 
onine accumulated at similar levels in super- 
natants harvested from wild-type, AnitNI, or 
An~(lll/MDLl mitochondria (Fig. 3, A and 
B). In contrast, the heterogeneity and extent 
o f  peptide release was not affected by delet- 
ing MDL2 either in wild-type or in A111cl11 
cells under these conditions (Fig. 3, A and B). 
Thus, Mdl l  was required for efficient peptide 
export from mitochondria. Mdl l  appeared to 
specifically mediate the transport o f  peptides 
composed o f  6 to 20 amino acid residues and 
therefore exhibits a length specificity compa- 
rable to that o f  the TAP transporter in the ER 
(9 ,  10). 

To examine the role o f  ATP in peptide 
export by Mdll,  we introduced point muta- 
tions at conserved motifs within the ABC 

pathway(s) for peptide release. Protein 
translocases in  the inner membrane, which 
mediate import o f  nuclear-encoded mito- 
chondrial proteins (21), might allow pep- 
tide efflux from the matrix. We therefore 
used yeast cells expressing Tim 17, an es- 
sential constituent o f  the TIM17123 com- 
plex in  the inner membrane, from a galac- 
tose-inducible promoter. Mitochondria 
were isolated from these cells grown on 
galactose-free medium for depletion o f  
Timl7. Although mitochondrial protein im- 
port was impaired, the virtual absence o f  
Tim17 did not substantially affect peptide 
release (Fig. 3D). Similarly, saturation o f  
T IM  17123 complexes with chemical 
amounts o f  Su9-DHFR (dihydrofolate re- 

domain o f  Mdll ,  namely the Walker A ductase) that accu~nulated as translocation 
(nidll';J"7' ) and B sites (r~iclll"~'Y"") and the intermediate (22, 23) impaired mitochon- 
LSGGQ-loop ( ~ ~ i c l l l ~ ~ ~ ' ~ ~ ' ~ ) ,  which is charac- drial protein import but did not reduce pep- 
teristic of ABC adenosine triphosphatases tide release (Fig. 3E). Finally, dissipation 
(20). The release o f  long peptides from mi- 
tochondria harboring these mutant variants o f  
Mdl l  was decreased to a similar extent as in 
ANI(~/I mitochondria, whereas export o f  
shorter peptides and free amino acids was not 
affected (Fig. 3C). Thus, nucleotide binding 
and hydrolysis were essential for Mdll-me- 
diated peptide export (Fig. 3C). 

Although with substantially reduced ef- 
ficiency, long peptides were liberated from 

Fig. 2. Identification of 
Mdll and Mdl2 as two 
ABC transporter proteins 
in the mitochondrial in- 
ner membrane. Post- 
translational protein im- 
port and subfractionation 
of mitochondria were 
performed essentially as 
described (35). (A) Im- 
port of radiolabeled Mdll 
and MdlZ into isolated 
mitochondria. The mem- 
brane potential across 
the inner membrane was 
dissipated before import 
as indicated (-Aq). 
Nonimported precursor 

o f  the membrane potential across the inner 
membrane, which is required for the integ- 
rity o f  the TIM17123 translocase (24), did 
not impair peptide release (Fig. 3F). Thus, 
the T IM complex does not appear to be 
involved in  peptide export from mitochon- 
dria that can occur in  a membrane poten- 
tial-independent manner. 

In  vicw o f  the overlapping substrate 
specificities o f  m- and i -AAA proteases 

proteins were digested 10 11 12 13 14 15 16 17 
with trypsin (Tryp; 100 
pglml). Mitoplasts were 

Elution volume (ml) 

obtained by osmotic dis- 
ruption of the outer MC 
membrane in the pres- F m d m l  2 3 4 5 6 8 loll 
ence or absence of pro- 
teinase K (PK; 50 pglml). p, precursor protein; m, mature protein. Na,CO,, alkaline extraction; Pe, 
pellet; 5, supernatant. (B) Mitochondrial subfractions were monitored by SDS-PACE and immuno- 
blotting with antibodies directed against Mdll, Mdl2, the intermembrane space protein cytochrome 
b, (Cyt b ),the ADPIATP-carrier of the inner membrane (AAC), and Mgel as a marker of the matrix 
space. ( ~ 5  Inner and outer mitochondrial membranes were resolved by sucrose gradient centrifu- 
gation (36). Fractions were analyzed by immunoblotting. Tom70 and AAC were used as a marker 
for outer and inner membrane, respectively. (D) Mdll and MdlZ are part of two independent 
oligomeric complexes in the inner membrane. After solubilization of wild-type (Wt, a ,  .), Amdl7 
(0), or Amdl2 (0) mitochondria, extracts were fractionated by Superose 12 gel filtration chroma- 
tography. Total eluted Mdll (a, 0, upper panel) or Mdl2 (., 0, lower panel) was set to 100%. 
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(25), it is conceivable that proteolysis by 
the i-AAA protease Ymel in the intermem- 
brane space could contribute to the release 
of peptides from mitochondria. Gel filtra- 
tion analysis revealed a statistically signif- 
icant decrease in the quantity of long pep- 
tides in the supernatant of A,vnlel mito- 
chondria (Fig. 4). Thus, despite quantita- 
tively similar proteolysis (see Fig. lB), 
qualitatively different degradation products 
were released from mitochondria lacking 
the i-AAA protease. The Yme 1 -dependent 
peptide release most likely occurred direct- 
ly from the intermembrane space and did 
not involve Mdll. Consistent with this, we 
observed a cumulative effect of deletions of 
YMEl and MDLI on the release of long 
peptides that was decreased by -75% in 
the absence of both proteins (Fig. 4). In 
contrast to MDLI, deletion of YMEI spe- 
cifically impaired the release of peptides 

with molecular masses 31000  daltons, in- 
dicating that peak I contained two distinct 
peptide populations of different lengths (re- 
ferred to as peak la and peak Ib) (Fig. 4). 
The quantity of peptides in peak Ib was not 
reduced further upon deletion of YMEI in 
wild-type or Amdll cells (Fig. 4). 

Thus, peptides generated upon proteolysis 
of inner-membrane proteins initiated by AAA 
proteases are released from mitochondria. 
Two pathways for the efflux of peptides com- 
posed of more than - 10 amino acid residues 
can be distinguished that converge in the 
intermembrane space. First, peptides generat- 
ed by the m-AAA protease in the matrix 
space are actively transported across the inner 
membrane by the ABC transporter Mdll. 
Second, proteolysis of inner-membrane pro- 
teins by the i-AAA protease results in the 
formation of peptides directly in the inter- 
membrane space. We propose that peptides 

Fig. 3. Mdll mediates A 
peptide export from 
mitochondria. (A) Mi- 
tochondrial superna- 
tants harvested at 30 
min from wild-type (Wt; 
m), Amdl7 (A), Amdl2 
(V), and Amdl7Amdl2 

chondria overexpress- 

(+) mitochondria and O 

from Amdl7 mito- $: 
ing Mdll (Amdl7/ 

B 

MDL7; 0) were fraction- 
ated by a Superdex ' B ' Peptide column, and 
radioactivity in each 6 
fraction was deter- 5 
mined. Total counts re- 4 
covered from each col- 3 
umn run was set to 2 
100%. Representative 1 
profiles from single ex- 0 
periments are shown. 
(B) Statistical evalua- o 2 4 6 8 10 12 14 16 18 20 22 
tion of gel filtration Fraction number 
fractionations. Radio- 
active material eluting 
in peak I (fractions 1 to 
11) or peak I I  (fractions 

C 

12 to 16) was quanti- 
fied. Multiple experi- 
ments (n) were evalu- 

50 
ated and significance - 
values were calculated < 
(*P < 0.01, ***P < $ , 
0.0001). The means of $ Z $ 2 5  2 t - + - + several experiments 
(+SEM) are shown: Wt, 

% % 3' 5 0 ,  .- - Su9-DHFR CCCP 
n = 23;Amdl7,n = 11; 
Amdl2, n = 8; Amdl7Amdl2, n = 10; Amdl7/MDL7, n = 6. (C) Peptide export was examined with Amdl7 
mitochondria containing vector or expressing wild-type Mdll, ~ n d l P " ~ ,  mdllD598A, or md11s575N from 
the ADH7 promoter. Wild-type and mutant variants of Mdll accumulated at similar levels in mito- 
chondria. (D) Peptide release was monitored in mitochondria isolated from the tim77(Cal70) strain 
grown for 4 hours on galactose-free medium to deplete Timl7. (E) TIM1 7123 complexes were saturated 
in mitoplasts of wild-type mitochondria with chemical amounts of Su9(1-69)-DHFR in the presence of 
methotrexate (22, 23), and peptide export was examined. Saturation of TIM17123 complexes was 
monitored by competitive protein import experiments. (F) To examine the role of the membrane 
potential across the inner membrane, we analyzed peptide release from wild-type mitochondria in the 
presence of oligomycin (22 pM) and, when indicated, of CCCP (0.5 pM). (D to F) The number of 
peptides (peak I) released from wild-type mitochondria was set to 100%. 

generated by either pathway then cross the 
mitochondrial outer membrane by passive 
diffusion either through porins or the TOM 
complex, the general protein import pore of 
the outer membrane. Both structures allow 
the transport of solutes up to a molecular 
mass of -5 to 6 kD (26, 27). 

Homologous AAA proteases (28, 29) 
and ABC transporters (30-32) are present 
in mammalian mitochondria, suggesting 
conservation of mitochondrial peptide ex- 
port in eukaryotes. Peptides derived from 
mitochondrially encoded membrane pro- 
teins have been detected at the cell surface 
of mammalian cells where they are present- 
ed by class I major histocompatibility com- 
plex molecules (33, 34). An attractive hy- 
pothesis is that these minor histocompati- 
bility antigens are generated by AAA pro- 
teases within mitochondria and then 
released to the cytosol, from where they 
enter the conventional class I antigen pre- 
sentation pathway. Our results in yeast, 
however, point to additional cellular func- 
tions of mitochondrial peptide export. 

Fraction number 
B 

2 I Peakla I Peak lb I Peak11 I 
A ... 

Fig. 4. Ymel generates peptides from inner- 
membrane proteins in the intermembrane 
space. Supernatants were collected at 30 min 
and fractionated by a Superdex Peptide col- 
umn. (A) Average profiles of multiple exper- 
iments [wild type (Wt), n = 26 (m); Amdl7, 
n = 14 (A); Ayme7, n = 9 (@); Ayme7Amdl7, 
n = 12 (+)I were generated, of which an 
expanded view of fractions 1 to  12 is shown. 
The SEM values of each fraction are below 
the resolution of the figure. (B) Statistical 
evaluation of experiments shown in (A). 
Mean radioactive material (-CSEM) eluting in 
peak la (fractions 1 to 8), peak Ib (fractions 9 
to  l l ) ,  or peak I I  (fractions 12 to 16) is 
shown. Highly significant values are indicated 
as in Fig. 38. 
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Arabidopsis NPLI:  A Phototropin 

Homolog Controlling the 


Chloroplast High-Light 

Avoidance Response 


Takatoshi ~agawa.'.~* Tatsuya Sakai,3* Noriyuki Suetsugu," 
Kazusato Oikawa," Sumie lshiguro? Tomohiko K a t ~ , ~  

Satoshi Tabata,5 Kiyotaka ~ k a d a , ~ , ~  Masamitsu Wadazs4? 

Chloroplasts relocate their positions in a cell in response to the intensity of 
incident light, moving to the side wall of the cell to avoid strong light, but 
gathering at the front face under weak light to maximize light interception. 
Here, Arabidopsis thaliana mutants defective in the avoidance response were 
isolated, and the mutated gene was identified as NPL7 (NPH-like I) ,  a homolog 
of NPH7 (nonphototropic hypocotyl I), a blue light receptor used in photo- 
tropism. Hence, NPLI is likely a blue light receptor regulating the avoidance 
response under strong light. 

Plants need light not only for photosynthesis 
but also for precise regulation of their devel- 
opment. To compete successfully and effec- 
tively under varying environmental condi-
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tions, plants sense the surrounding light con- 
ditions, including wavelength, intensity, di- 
rection, duration, and in some instances even 
the plane of polarization. This information is 
used to regulate their development or prepare 
for forthcoming seasonal changes. Phyto- 
chromes and cryptochromes are the photore- 
ceptor~ thought to mediate the multitude of 
responses involved (1). 

To maximize photosynthesis, plants orient 
their growth and leaf angle to maximize light 
interceution (a urocess known as uhoto-

\ 	 A 

tropisA), open their stomata in the presence 
of light to facilitate gas exchange, and relo- 
cate their chloroplasts within the cell. Plants 
use blue light in these responses, both to 
Sense light direction and light intensiv. How- 
ever, a blue light receptor for increasing the 
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