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E ukaryotic cells are divided into
membrane-enclosed organelles that
have distinct structures and func-

tions. Many of these organelles are further
partitioned into subcompartments that are
capable of maintaining a distinct biochemi-
cal environment. The physical separation of
cellular components allows for the creation
of isolated local environments and for spe-
cialization in biological function. Knowledge
of a protein’s subcellular location can pro-
vide valuable information about its function
and may also offer insight into its interac-
tions with other cellular proteins and com-
ponents. To this end, recent genome- and
proteome-wide studies of protein localiza-
tion have greatly increased our knowledge
of the protein content of most organelles (1,
2). These biochemical studies have been
complemented by live-cell imaging experi-
ments that have further defined how or-
ganelles and their constituent proteins inter-
act dynamically with the rest of the cell. An
important tool for these imaging studies has
been the use of genetically encoded fluores-
cent proteins and biochemical sensors that
are targeted to specific subcellular compart-
ments in the cell (3, 4). For example, the
use of subcellularly localized fluorescent
calcium sensors has increased our under-
standing of calcium flux in the nucleus (5),
endoplasmic reticulum (5–7), mitochondrial
matrix (8, 9), and the plasma membrane
(8, 10). Integral to the success of these strat-
egies is the ability to use the cell’s intrinsic
transport machinery to direct a desired pro-
tein to a specific part of the cell by append-
ing a signal sequence to it. Although effi-
cient targeting sequences are known for

many subcellular compartments, there are
still important cellular locations in which
specific signaling sequences are either not
known or poorly understood. In the March
issue of ACS Chemical Biology, Ume-
zawa and coworkers (11) use a genetic
screen based on the covalent reassembly
of a split enhanced GFP (EGFP) to identify a
minimized sequence that is sufficient for the
localization of the apoptogenic protein
Smac/DIABLO to the intermembrane space
(IMS) of mitochondria. The authors demon-
strate that this minimized peptide sequence
is able to efficiently localize three GFP vari-
ants and an intrabody to the IMS as well.

Mitochondria act as the cell’s power-
house by producing �90% of all cellular
ATP through the oxidative phosphorylation
of energy-rich molecules. Over the last de-
cade, new evidence has emerged which
shows that mitochondria are dynamic or-
ganelles that play diverse roles in other bio-
logical processes beyond energy produc-
tion (12, 13). For example, this organelle is
known to be central to the mechanism of ap-
optosis and is also the site of numerous
metabolic functions. In addition, increasing
evidence shows that mitochondria are inte-
gral components in a number of intracellular
signaling cascades (14, 15). With this ex-
panded view of mitochondrial function, re-
search efforts have increased to understand
this organelle’s interrelationship with the
rest of the cell and to develop new tools that
will allow these interactions to be uncovered.

Mitochondria are double-membrane-
enclosed organelles that contain two func-
tionally distinct aqueous compartments that
are separated by an inner membrane. The
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ABSTRACT Despite the importance that many
components of the intermembrane space (IMS) of
mitochondria play in cellular function, the target-
ing sequences that are responsible for transport-
ing proteins to this subcellular compartment are
not fully understood. A recent study has identified
a minimized protein sequence that is sufficient
for localizing the apoptogenic protein Smac/DIA-
BLO in the IMS. This newly identified targeting se-
quence is capable of directing other proteins to
this submitochondrial compartment as well.
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matrix is the subcellular compartment
that is enclosed by the ion- and protein-
impermeable inner membrane and con-
tains a majority of the enzymes that are nec-
essary for the citric acid cycle, as well as
the oxidation of pyruvate and fatty acids.
The IMS is the aqueous compartment be-
tween the outer and the inner membranes.
Despite its small size, the IMS contains
many proteins that are important for cellu-
lar function including a number of metabolic
enzymes and components of the electron
transport chain. In addition, various apop-
totic factors are sequestered in this space
until they are released during programmed
cell death. Whereas mitochondria contain
their own genomic DNA and ribosomes,
most proteins localized in this organelle are
transcribed in the nucleus and synthesized
on cytosolic ribosomes. Because the outer
and inner membranes of mitochondria are
impermeable to large proteins, this or-
ganelle possesses a tightly regulated im-

port machinery that allows for the specific
localization of nuclearly encoded proteins to
the correct mitochondrial space. Most pro-
teins that are destined for the matrix contain
a characteristic mitochondrial targeting pre-
sequence (MTS) that is cleaved by a pro-
tease after import. In contrast, proteins that
are localized within the IMS are imported by
a number of different mechanisms (16, 17).
The diversity of transport mechanisms and
the small size of the IMS have hindered
studies of the exact molecular determinants
that are responsible for the localization of
proteins within this submitochondrial
compartment.

Although many interesting IMS-resident
proteins exist, the authors focused their
analysis on the localization of the apopto-
genic protein Smac/DIABLO. Murine Smac/
DIABLO is translated as a 237-residue pre-
cursor protein that contains a 53-residue
N-terminal MTS. Upon entering mitochon-
dria, the MTS is cleaved by the inner mem-

brane peptidase com-
plex (18). This cleavage
event produces a ma-
ture 184-residue pro-
tein that is soluble in
the IMS. In healthy
cells, Smac/DIABLO re-
sides in the IMS, but
upon permeabilization
of the mitochondrial
outer membrane dur-
ing apoptosis, it is re-
leased into the cytosol
with cytochrome c and
other apoptotic factors
(19, 20). Once released
into the cytosol, Smac/
DIABLO is believed to
enhance apoptosis by
binding to the BIR do-
mains of members of
the inhibitor of apopto-
sis protein family (IAPs)
with its N-terminal four
residues (Ala-Val-Pro-

Ile) (21, 22). This binding event results in
the direct displacement of caspases from
IAPs, and this terminates the inhibition of
these intracellular proteases and allows
these enzymes to perform their role in pro-
grammed cell death.

The determination of the localization of a
protein within the IMS is most often per-
formed using immunoelectron microscopy
or biochemical fractionation. Although these
techniques have proven to be invaluable
tools for studying the components of the
IMS and other cellular subcompartments,
they are not amenable to the throughput
that is necessary for screening libraries of
proteins. To circumvent this problem, Umez-
awa and coworkers (23–25) adapted a cell-
based assay that they had previously devel-
oped that relies upon the naturally occurring
trans-splicing intein from the DnaE gene of
Synechocystis sp. PCC6803 (Ssp DnaE in-
tein) (Figure 1) (26). The high affinities that
the N-terminal (DnaEn) and C-terminal
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Figure 1. The split EGFP reconstitution assay used by Umezawa and coworkers to study the molecular determinants of
Smac/DIABLO IMS localization. If both intein fragments are in the same subcellular compartment, the high-affinity
interaction between DnaEn-EGFPn (top construct) and DnaEc-EGFPc (bottom construct) allows the efficient reassembly
of EGFP through a protein trans-splicing mechanism. By restricting DnaEc-EGFPc localization to the IMS or mito-
chondrial matrix, the authors were able to rapidly determine the submitochondrial location of Smac/DIABLO mutants
that are fused to DnaEn-EGFPn.
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In healthy cells, Smac/DIABLO resides in the IMS, but upon permeabilization of the

mitochondrial outer membrane during apoptosis, it is released into the cytosol.



(DnaEc) fragments of this intein have for
each other allows for the efficient ligation
of polypeptides that are appended to their
termini. A fusion of a C-terminal segment of
EGFP linked to DnaEc (DnaEc-EGFPc) and a
fusion of an N-terminal segment of EGFP
linked to DnaEn (DnaEn-EGFPn) are able to
rapidly reconstitute EGFP if the two intein
fragments are able to associate. These con-
structs are used for cell-based determina-
tion of protein localization by generating cell
lines that stably express DnaEc-EGFPc that
is localized exclusively within the IMS
(BNL1MEims cells) or in the mitochondrial
matrix (BML1MEmito cells) and screening li-
braries of proteins that are fused to DnaEn-
EGFPn. If the protein that DnaEn-EGFPn is
fused to directs it to the IMS in BL1MEims
cells or to the mitochondrial matrix in
BL1MEmito cells, then EGFP is reconsti-
tuted and the cells can be isolated by fluo-
rescence activated cell sorting.

Using the split EGFP selection method de-
scribed above, the authors performed a
screen for mutations that cause Smac/DIA-
BLO to be mislocalized to the mitochondrial
matrix. Two libraries of Smac/DIABLO mu-
tants were screened in BNL1MEmito cells,
and two mutations were identified within
the N-terminal MTS (M50K and C53R) that
caused localization to the matrix. Various
reasons exist that could account for the ma-
trix localization of these mutants, including
a decrease in the overall hydrophobicity of
the targeting sequence or incomplete pro-
teolytic processing, but the details of the
mechanism were not explored further. To
identify a minimized sequence that is
sufficient for IMS localization, the authors
screened a panel of Smac/DIABLO truncation
mutants in BNL1MEims and BNL1MEmito
cells. A truncation mutant consisting solely
of the 53-residue N-terminal MTS of Smac/
DIABLO was found to be localized exclu-
sively in the matrix. Appending the next two
amino acids (Ala54 and Val55) to the MTS
gave the same submitochondrial distribu-
tion. Surprisingly, addition of only one more

amino acid (Pro56) caused an almost com-
plete switch from localization within the ma-
trix to the IMS, with a construct consisting
of residues 1–57 displaying an identical
submitochondrial distribution as full-length
Smac/DIABLO. This is an intriguing result
because the four N-terminal residues
(Ala-Val-Pro-Ile) that appear to be essential
for proper IMS localization are the same four
residues that are believed to be respon-
sible for Smac/DIABLO’s pro-apoptotic func-
tion. The N-terminal 57 residues of Smac/
DIABLO appear to be a general targeting
sequence, as demonstrated by their ability
to direct an intrabody, a GFP-based pH indi-
cator, a FRET-based calcium sensor, and a
redox-sensitive GFP to the IMS.

The recent work of Umezawa and cowork-
ers provides an exciting new tool for study-
ing mitochondrial function by identifying a
minimal sequence that is capable of direct-
ing a protein of interest to the IMS. In addi-
tion, these studies have provided valuable
insight into the molecular determinants that
are responsible for the submitochondrial
localization of the pro-apoptotic protein
Smac/DIABLO. Despite the importance of a
number of IMS-localized proteins to overall
cellular function, the mechanism of their
transport is still poorly understood. Through
the systematic analysis of other IMS-
localized proteins with the split EGFP as-
say, a greater understanding of how the
IMS interacts with the rest of the cell could
be gained.
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