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Abstract 

Most mitochondrial and chloroplastic proteins are synthesized in the cytosol 
as precursor proteins with an N-terminal targeting peptide (TP), which di-
rects them to the correct organelle. There is also a group of proteins that are 
dual targeted to mitochondria and chloroplasts using an ambiguous N-
terminal dual targeting peptide (dTP). The aim of this thesis was to charac-
terize dTPs with respect to physicochemical features, sequence patterns, 
structural properties and interaction with the mitochondrial and chloroplastic 
receptors.  
We have used different statistical methods, including a multivariate data 
analysis (MVDA) to analyse all available dTPs and compare them to orga-
nelle-specific TPs of proteome-identified mitochondrial and chloroplastic 
proteins from Arabidopsis thaliana. The overall amino acid sequence pat-
terns of dTPs were intermediate between mitochondrial targeting peptides 
(mTPs) and chloroplastic targeting peptides (cTPs) but the greatest differ-
ences in amino acid composition were found within the very N-terminal 
region of dTPs, where especially arginines are highly overrepresented in 
relation to cTPs. Interestingly, introducing arginines to the dTPs showed 
clustering towards the mTPs in silico and resulted in inhibition of chloroplast 
import in vitro, suggesting that positive charges in the N-terminal region of 
TPs may function as an 'avoidance signal' for chloroplast import.  
Studies with the dTP of threonyl-tRNA synthetase (ThrRS-dTP) revealed 
that 60 amino acids were required to confer dual targeting. The purified 
ThrRS-dTP(2-60) inhibited import of organelle-specific proteins, providing 
evidence that dual and organelle-specific proteins use the same organellar 
import pathways. CD spectra indicated that ThrRS-dTP(2-60) has the pro-
pensity to form α-helical structure in membrane mimetic environments. Fur-
ther, NMR investigations of interaction profiles of ThrRS-dTP(2-60) with 
the mitochondrial Tom20 and the chloroplastic Toc34 receptor demonstrated 
that the mode of the recognition of a dual targeting peptide by mitochondrial 
and chloroplastic receptors is different. Our studies provide thorough charac-
terization of dTPs and present for the first time dTP-organellar receptor in-
teractions on the molecular level. 
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aaRS  Amino acyl tRNA-synthetase 
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Introduction 

Mitochondria and chloroplasts are endosymbiotic organelles that contain 
their own genetic material as well as transcription and translation systems. 
However, the majority of all protein-coding genes required for a functional 
organelle are in the nucleus. As a result, most mitochondrial and chloroplast 
proteins are translated on cytosolic ribosomes and post-translationally im-
ported into the respective organelle, using N-terminal targeting peptides 
(TPs). Mitochondrial targeting peptides (mTPs) and chloroplast targeting 
peptides (cTPs) possess many similar features, such as the enrichment of 
hydroxylated, hydrophobic and positively charged amino acids. Despite sim-
ilarities of the mTPs and cTPs, import into respective organelle is very spe-
cific. However, interestingly, there are proteins that are targeted and import-
ed to both mitochondria and chloroplasts using a sole ambiguous dual target-
ing peptide (dTP). The dTPs are similar in amino acid composition to both 
mTPs and cTPs and it is difficult to discriminate them from either mTPs or 
cTPs. How two distinct organelle import machineries can recognize these 
dTPs yet be specific is intriguing. In my thesis work I have investigated dif-
ferent aspects of dual targeting with the aim to characterize determinants of 
dTPs that allow them to recognize both organelles, mitochondria and chloro-
plasts and to better understand protein sorting within the cell.  
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Origin of mitochondria and chloroplasts 

It is generally believed that mitochondria and chloroplasts arose from two 
stepwise enbosymbiotic events, in which a primitive anaerobic eukaryotic 
host cell engulfed ancestral prokaryotes. The discovery of DNA inside mito-
chondria and chloroplasts in the 1960s, together with the fact that they pos-
sess their own transcription and translation systems, constituted the evidence 
to support this theory, which was first stated by Mereschkowski at the be-
ginning of the 20th century and developed by Margulis (1,2). The serial en-
dosymbiotic theory is now widely accepted by scientists (3-6). 

Mitochondria 
 
Phylogenetic analyses of both protein-coding genes and ribosomal RNA 
(rRNA) genes in the mitochondrial DNA (mtDNA) suggest that the mito-
chondrion originates from an α-proteobacteria (7,8). Furthermore, the core 
of mitochondrial function, the ATP production coupled to electron transport, 
as well as transcription and translation of the mitochondrial genes, can be 
traced to an α-proteobacterial ancestor. Evolutionary pressure on the orga-
nelle has led to the mitochondrial genome being highly diverged between 
different species such as various protists or fungia, animals and plants. For 
example, Plasmodium falciparum, the causative agent of malaria has the 
smallest mtDNA genome with 6000 base pairs (bp) encoding only 3 proteins 
(4,5,9). In contrast, land plant mitochondria contain much larger genomes. 
The Arabidopsis thaliana genome comprises 366,924 bp, with 31 protein 
coding genes; the rest of the genome is accounted for by rRNA and tRNA 
genes as well as introns, intronic ORFs, unidentified ORFs, pseudogenes, 
and pieces of foreign (chloroplast and nuclear) DNA. The mitochondrial 
genome that is most bacterium-like and most gene-rich is the 69,034 bp 
mtDNA of the protist Reclinomonas americana, with 67 protein coding 
genes. The closest free living relative to mitochondria today is the α-
proteobacterium Rickettsia prowazekii, an intracellular parasite that is the 
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causative agent of epidemic louse-borne typhus (5,9).  
 
Mitochondria are small organelles, only 1-2 µm in diameter. They have two 
membranes, the outer membrane (OM), encompassing the mitochondrion 
and providing contact with cytosol and other organelles and the inner mem-
brane (IM), in which the complexes of the respiratory chain are located. Mi-
tochondria also contain two aqueous compartments, the matrix and the in-
termembrane space (IMS). The matrix is residence for many metabolic pro-
cesses such as β-oxidation of fatty acids and the citric acid cycle. The IMS, 
which is the space between the two membranes, is essential for coordination 
of organellar activities with other cellular processes, for example exchange 
of different molecules and initiation of apoptosis (10,11). All the processes 
require thousands of different proteins, thus import of proteins to the orga-
nelle is a crucial event.  
 
The mitochondria are often described as the power station of the cell since 
this is where most of the cells energy is harvested, reducing 02 to H20 via the 
electron transport chain, building up the membrane potential across the inner 
membrane necessary for the essential process of ATP production. 

Chloroplasts 
 
The chloroplast endosymbiont is believed to originate from cyanobacteria. 
Sequencing of the genome of Synechocystis sp. PCC6803 made it possible to 
compare cyanobacteria with chloroplasts (12). It showed that large operons 
were conserved between bacteria and chloroplasts. Moreover, the primary 
and secondary structure of maize chloroplast rRNA was shown to be more 
similar to bacteria than to corresponding genes in the nuclei of eukaryotes, 
supporting the endosymbiotic theory. Estimations state that about 18% of the 
nuclear genes in Arabidopsis have cyanobacterial origin (13-15).  
 
In higher plants, the plastid genome is  ~120–160 kbp in size, containing 60-
200 protein coding genes. In Arabidopsis, it encodes 54 proteins that are 
involved primarily in photosynthesis and 31 proteins that are involved in 
plastid DNA expression. Further, it contains 45 additional genes encoding 
tRNAs and rRNAs (13,15,16). All genes involved in carbon assimilation, 
with the exception of the large subunit of Rubisco, have either been trans-
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ferred to the nucleus or replaced by genes of nuclear origin. As in prokary-
otes, many plastid genes are organized in operons (13,16,17).  
 
The chloroplast has the shape of a lens and is about 2-10 µm in diameter and 
1 µm thick. It contains several subcompartments: the outer envelope mem-
brane (OEM), the inner envelope membrane (IEM), the aqueous inter enve-
lope space (IES) separating the two membranes as well as the aqueous stro-
ma. Inside the chloroplast are the thylakoids, membrane bound structures 
enclosing an aqueous lumen. It is in the thylakoid membrane that the light 
phase of photosynthesis occurs. In this process, light energy is absorbed by 
chlorophyll containing reaction centres, leading to electron transport through 
an electron transport chain and the reduction of NADP to NADPH and pro-
duction of ATP. At the same time, oxygen is released as a “waste” product. 
The ATP and NADPH are subsequently used in the Calvin cycle for produc-
tion of sugars (18,19).  
 
Although mitochondria and chloroplasts contain their own genomes and 
protein synthesizing machineries, the number of protein coding genes re-
maining within the organelles is very small, as there are about 2000 mito-
chondrial proteins and 3000 chloroplast proteins in plants. Furthermore, 
there is an ongoing lateral movement of genes from the organelles to the 
nucleus, large pieces of chloroplast DNA have been found in plant nuclear 
genomes. The rice nuclear genome even has an intact mitochondrial genome 
integrated into one of its chromosomes (20-22).  
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Import of proteins into mitochondria and 
chloroplasts 

Import into mitochondria 
 
Import into mitochondria is a process that requires a number of multisubunit 
import machineries, termed the Translocase of the Outer Membrane (TOM) 
and Translocase of the Inner Membrane (TIM) as well as the Sorting and 
Assembly Machinery (SAM) complex and the Mitochondrial Intermembrane 
space Assembly (MIA).  

The TOM complex 
 
The majority of proteins targeted to mitochondria are synthesized with a 
targeting signal, which can be located internally or as an N-terminal cleava-
ble extension, depending on the protein and its final destination (23,24). The 
TOM complex constitutes the entry point of the mitochondrial proteins. In 
yeast, it is composed of Tom40, which is a β-barrel protein forming the 
translocase channel, the receptor Tom22, three small Tom proteins, Tom5, 
Tom6, and Tom7 and the loosely associated receptors Tom20 and 
Tom70/Tom71 (25,26).  Tom20 is the initial receptor that recognizes pro-
teins with a cleavable targeting signal, the mitochondrial targeting peptide 
(mTP), whereas the mitochondrial Tom70/71 recognizes proteins with hy-
drophobic internal signals. However, Tom70 is absent in plants, instead a 
novel plant specific outer membrane receptor has been identified termed 
Outer Membrane protein 64 (OM64), a homolog of the Toc64 protein import 
receptor found in plastids (27). The central receptor Tom22 exposes prese-
quence binding domains to both the cytosol and the IMS. However, in plants 
Tom22 is reduced in size and is called Tom9, as it lacks its cytosolic do-
main. It has been suggested that the absence of the cytosolic domain in plant 
mitochondria may prevent the mis-targeting of chloroplast precursor proteins 
(28,29). Tom22 has been implicated in the assembly of the TOM complex 
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itself and for further transfer of preproteins via the IMS to the TIM23 com-
plex using its extended intermembrane space domain. The small non-
essential proteins Tom6 and Tom7 are involved in regulating the assembly 
of the complex and maintaining its stability, whereas Tom5 is closely asso-
ciated to Tom40 facilitating the transfer of precursor proteins to the Tom40 
insertion pore (Figure 1). The increasing affinity of interactions between 
components of the import apparatus and the precursor proteins is considered 
to drive the inward-directed movement of precursor proteins (23,28,30-33). 

 The TIM complexes 
 
There are two TIM translocase systems in the inner membrane of mitochon-
dria, the TIM23 complex and the TIM22 complex. The TIM23 complex is 
responsible for translocation of matrix proteins harbouring a cleavable mito-
chondrial targeting peptide (mTP). TIM23 is comprised of Tim23, Tim17, 
Tim21 and Tim50. Tim23 forms the membrane potential dependent translo-
cation channel together with Tim17, which is involved in stabilization and 
regulation of the channel. Tim17 is further involved in lateral sorting, and in 
plants it connects TIM and TOM complexes. Tim21 is a non-essential pro-
tein involved in connecting the TOM and TIM complex and has in yeast 
been shown to regulate the free or bound forms of the accessory motor pro-
teins in the matrix (34,35). Tim50 has a soluble domain in the IMS, directing 
the incoming precursor proteins from the outer membrane to the transloca-
tion channel. Furthermore, it functions in a regulatory manner, maintaining 
the permeability of the membrane (Figure 1) (36,37). 
 
The TIM22 complex is also called the carrier translocase as it mediates in-
sertion of carrier proteins to the inner membrane. The components of the 
TIM22 complex are the channel-forming Tim22 as well as Tim18 and 
Tim54, which are cooperating with the intermembrane space chaperone 
complex consisting of small Tims (Tim8, Tim9, Tim10, Tim12 and Tim13) 
(38,39). No homologues to Tim54, Tim18 and Tim12 have been identified in 
plants (40,41). 
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Figure 1. Import of a precursor protein into the mitochondrial matrix in 
plants. Illustration modified from S. Nilsson. For abbreviations, see text. 

Import to the outer membrane (OM) 
 
The Tom40 protein, porin (two isoforms), Sam50/Tob55, and Mdm10 are β-
barrel membrane proteins identified in the outer membrane of mitochondria. 
Although β-barrel proteins do not contain a N-terminal targeting peptide, 
they are recognized by Tom20 and Tom70 and subsequently imported 
through the Tom40 pore. In the IMS they are handed over to soluble chaper-
one complexes formed by the small Tim proteins (42-44). Thereafter the β-
barrel proteins are further transferred to the Sorting and Assembly Machin-
ery (SAM) complex (also referred to as the TOB complex), consisting of the 
integral Sam50 (Tob55/Tom50) pore and the two Sam35 (Tob38/Tom38) 
and Sam37 (Mas37/Tom37) accessory proteins. Sam50 is a homolog to 
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Omp85/BamA in the bacterial outer membrane. The working mechanism of 
these proteins is likely to be conserved from bacteria to mitochondria (45-
48). Sam50 has the N-terminal POTRA (Polypeptide Translocation Associ-
ated) domain in the IMS and the C-terminal pore is forming the β-barrel 
domain. The POTRA domain of Sam50, like that of bacterial Omp85, func-
tions as a receptor for β-barrel proteins and is together with the accessory 
proteins Sam35 and Sam37 important for the assembly of the SAM complex. 
The molecular mechanism of substrate release from the SAM complex is 
unknown, however, major conformational rearrangements seem to be re-
quired to allow the release of a β-barrel protein (49-51).  
  
Fjc1/mitofilin is a protein that has been shown to interact with the SAM and 
TOM complexes and has been suggested to be involved in import of small 
cysteine rich proteins to the IMS and also β-barrel-proteins to the OM of 
yeast mitochondria. Interestingly, Fjc1 is also a component of the mitochon-
drial inner membrane organizing system (MINOS) complex that is implied 
as crucial entity for membrane architecture. No orthologs to Fcj1 have been 
identified in plants, but other known MINOS subunits such as Mio10, Mdm1 
and Mgm1 have been found (52-54). 
 
Mitochondrial outer membrane proteins comprising a single transmembrane 
segment at their N-terminus are called “signal-anchored” (SA) proteins. 
Likewise, there are tail-anchored proteins (TA), comprising an inversed to-
pology. SA and TA proteins have a N-terminal and C-terminal transmem-
brane domain, respectively, that together with a positively charged flanking 
region serves both as an intracellular sorting signal and as an anchor to the 
membrane (55,56). Import of these proteins is independent of Tom20 and 
Tom70, although Tom40 is required for the import and insertion process. It 
is not clear how the actual insertion process is taking place (57-59). The 
involvement of the Mitochondrial import 1 protein, Mim1 (yeast) has been 
reported for several SA proteins, such as Tom20, Tom70, the small Toms, 
and OM45, as well as for the mitochondrial multi-spanning outer membrane 
protein Ugo1 (60-63). 

Import to the intermembrane space (IMS) 
 
Proteins in the IMS, such as the small Tim proteins, are imported through the 
TOM complex and trapped inside the IMS by the disulfide-relay system 



 19 

consisting of Mia40 and Erv1(64). The IMS proteins usually contain internal 
cysteine-rich signals (CxnC) and they form transient intermolecular disul-
fides with Mia40, which functions both as an import receptor when the pro-
teins emerge from the TOM complex and as a disulfide carrier. Mia40 cata-
lyzes formation of intramolecular disulfides in the precursor proteins, there-
by assisting folding and preventing the small proteins from sliding back to 
the cytosol. Re-oxidation of Mia40 is mediated by Erv1, which in turn pass-
es the electrons to either cytochrome c or oxygen (65,66).  

Import to the inner membrane  (IM) 
 
The mitochondrial inner membrane is tightly packed with proteins and many 
of these proteins belong to the hydrophobic metabolite carrier family, such 
as e.g. ADP/ATP carrier (AAC). A few of these proteins possess a cleavable 
targeting peptide (mammalian phosphate (PiC), citrate (CIC) carriers and the 
AAC of higher plants), whilst the rest harbours multiple internal targeting 
signals (26). After import through the TOM complex, these proteins associ-
ate to the small Tim9 and Tim10 in the IMS, which function as chaperones 
protecting carrier proteins from aggregation in the aqueous milieu of the 
IMS (67). Tim12 subsequently associates to the Tim9-Tim10 complex and 
mediates targeting to the TIM22 complex via an interaction with Tim54. 
Thereafter, the precursor is tethered through the central pore forming subunit 
Tim22. Tim18 is a protein that supports the assembly of Tim54 to the 
TIM22 complex. Sdh3 interacts with Tim18 as a component of the TIM22 
core complex, but is also a component of complex II of the respiratory chain 
(68,69).  The route described for insertion is called the ”carrier pathway” as 
metabolite carriers are the proteins primary using this translocation channel. 
This route is dependent on a membrane potential (70).  
 
Mitochondrial inner membrane proteins that carry N-terminal targeting pep-
tides are sorted by one of two pathways: the stop transfer pathway or con-
servative sorting pathway, both involving the TIM23 complex. Both catego-
ries of proteins carry a hydrophobic transmembrane segment adjacent to the 
presequence. It is not exactly clear how the discrimination occurs, but stud-
ies have showed that a higher hydrophobicity of the TM, especially an en-
richment of tyrosine and phenylalanine and lack of prolines favour the “stop 
transfer pathway”. Further, the TM segment should be followed by charged 
amino acids (71-73). These proteins are targeted to the mitochondria using 
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the TP, but they are arrested in the TIM23 complex by the hydrophobic 
transmembrane segment and then laterally released into the membrane from 
the Tim23 channel by a yet undefined mechanism that involves Tim17. In 
contrast to matrix proteins, the presequence translocase associated motor, 
PAM, is not associated to the TIM23 complex (see section “Import into the 
matrix”) (35,74). 
 
The name “conservative sorting pathway” refers to the bacterial origin of the 
mechanism and components of the sorting system; the proteins are first 
translocated into the mitochondrial matrix and subsequently inserted into the 
inner membrane in an export-like mechanism. This is mediated by the Oxi-
dase assembly protein 1 (Oxa1), which is a homologue of the bacterial YidC.  
Oxa1 is also the protein responsible for the insertion of proteins that are en-
coded in mitochondria. It contains a C-terminal ribosome-binding domain 
that physically interacts with mitochondrial ribosomes to facilitate the co-
translational insertion of nascent membrane proteins (75-77).  
 
The conservative sorting and stop transfer pathways are not, as earlier be-
lieved, two exclusive routes, but they can cooperate for import of proteins 
with complex topologies, in which one transmembrane segment can be sort-
ed by the stop transfer mechanism and the other by the conservative sorting 
(73).  

Import into the matrix 
 
The proteins that are targeted to the mitochondrial matrix are, while still C-
terminally anchored to the TOM complex, handed over to the membrane 
embedded TIM23 complex (36,78-80). It is the membrane potential that 
drives the inward movement of these proteins across the inner membrane 
through triggering opening of the Tim23 channel and by exerting an electro-
phoretic force on the positively charged targeting peptide (81,82). However, 
the electrophoretic force across the inner membrane is not sufficient for fa-
cilitating import into the mitochondrial matrix, but also ATP and the associa-
tion of the PAM to the TIM23 complex is required. PAM is composed of 
mtHsp70, Tim44 and the co-chaperones: Pam16/Tim16, Pam17 and 
Pam18/Tim14 and Mge1 (Figure 1). Tim44 is a protein that mediates the 
association of mtHsp70 to the TIM23 complex, Pam16 interacts with Pam18 
and controls its activity, which in turn associates and activates the ATPase 
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activity of mtHsp70. Pam17 is involved in the recruitment of the 
Pam16/Pam18 to the Tim23 complex (83-85). Altogether, PAM drives the 
inward pulling of the precursor protein into the matrix by several rounds of 
binding to Hsp70, each round exchanging ADP to ATP by the nucleotide 
exchange factor Mge1 (71,86). 

Connection of the import machinery to the respiratory chain 
 
Interestingly, multiple connections between components of the mitochondri-
al import machinery and the respiratory chain have been observed. As previ-
ously described, Sdh3 is a part of the carrier translocase as well as the suc-
cinate dehydrogenase complex (II). Furthermore, the mitochondrial pro-
cessing peptidase (MPP) in plants is integrated into the cytochrome bc1 com-
plex (III) (87,88). Physical connections between TIM23 and the complexes 
of the respiratory chain have been observed. For example Tim21 has been 
shown to mediate an interaction between TIM23 and complex III in yeast 
(89-91). Moreover, electrons released from precursor proteins to Erv1 during 
folding in the IMS can be further donated via cytochrome c to the respiratory 
chain (92,93). Thus, connections between the complexes of the import ma-
chinery and the respiratory chain most likely provide a mechanism to co-
ordinate mitochondrial activity and biogenesis. 

Import into chloroplasts 
 
The majority of the chloroplast proteins are nuclear encoded and need to be 
imported into the organelle. This is enabled by the presence of a targeting 
signal. Depending on which subcompartment in the organelle the protein is 
targeted to, there are different routes of import. The majority of all chloro-
plast proteins must encounter the Translocase of the Outer envelope mem-
brane of Chloroplasts, the TOC complex.  
 

The TOC complex 
 
The TOC machinery consists of a core complex containing two GTPases, 
Toc159 and Toc34, which stably interact with a membrane channel, Toc75. 
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The complex was purified to an apparent molecular mass of approximately 
500 kDa and with a stoichiometry of 1:4:4-5 between Toc159, Toc75 and 
Toc34 (94). Toc34 and Toc159 are initial receptors recognizing the precur-
sor proteins. They both associate with precursor proteins and most likely 
function together in the recognition step of precursor proteins and transfer to 
Toc75 (94,95). However, the role of each individual receptor is not fully 
understood.  
 
There are several isoforms of the TOC components, each harbouring differ-
ent substrate specificities; the Arabidopsis genome encodes two paralogs of 
Toc34, AtToc33 and AtToc34 (96) and four paralogs of Toc159, AtToc159, 
AtToc132, AtToc120 and AtToc90. The different isoforms assemble together 
to form distinct complexes mediating import of selective precursor proteins. 
AtToc33 is expressed in young, growing photosynthetic tissues and co-
immunoprecipitates with AtToc159, whereas AtToc34 is expressed at low 
levels throughout development and co-immuprecipitates with At-
Toc132/AtToc120 (97,98). The translocation pore of the chloroplast outer 
envelope membrane is composed of the cation–selective β-barrel channel 
Toc75, which in Arabidopsis comprises four paralogs: AtToc75-III, At-
Toc75-IV, AtToc75-I and AtToc75V/AtOep80 (99,100). As with the mito-
chondrial Sam50 protein, Toc75 belongs to the Omp85 family of β-barrel 
membrane proteins, and it is predicted to have three POTRA domains that 
may bind the chloroplastc targeting peptides (101). The fourth receptor is the 
transiently associated Toc64, which is N-terminally anchored to the chloro-
plast outer membrane and exposes three C-terminal tetratricopeptide repeat 
(TPR) domains to the cytosol. The TPR domains in Toc64 function as a 
docking site for Hsp90, carrying precursor proteins to the TOC complex 
(Figure 2) (102-104). 

The TIC complex 
 
The Translocase of the Inner envelope membrane of Chloroplasts, the TIC 
complex, consists of the core proteins Tic20, Tic22, Tic110 and Tic40. As-
sociated are the regulatory proteins Tic21, Tic55, Tic62 and Tic32. Tic110 
was the first component to be discovered and it is also the most abundant  
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Figure 2. Import of a precursor protein into the chloroplast stroma. Illustra-
tion modified from S. Nilsson. For abbreviations, see text. 
 
component of the inner membrane translocase system. It forms a cation-
selective, calcium sensitive protein-conducting channel. The topology of the 
protein is not totally established, but it is anchored to the membrane at its N-
terminus and exposes a soluble portion to the chloroplast stroma, forming a 
docking site for preproteins as well as for stromal Hsp93 and Cpn60 (chlo-
roplast homologue of bacterial GroEL) (105-107). Tic110 is an essential 
protein constitutively expressed in all tissues and encoded by a single gene 
copy in Arabidopsis (108). Tic20 is also proposed to function as a protein-
conducting channel, independent of Tic110. It is an integral membrane pro-
tein with both the N- and C-termini facing the chloroplast stroma. Arabidop-
sis contains four Tic20s, AtTic20-I, II, IV and V (109-111). Tic22 is bound to 
the outer face of the inner membrane, facing the inter-envelope space and is 
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believed to function as a scaffold between the Toc and Tic subunits. Very 
few in vivo studies on Tic22 have been performed, but a double knock-out of 
AtTic22-III and AtTic22-IV, resulted in reduced import rates, supporting the 
hypothesis that Tic22 is directly involved in protein import to chloroplasts 
(112,113). Tic40 is a single transmebrane spanning protein with a large hy-
drophilic domain facing the stroma. It interacts with Tic110 and stromal 
Hsp70 and Hsp93, most probably through its predicted stromal TPR-domain 
and its Hip/Hop/Sti1 (Hsp70-interacting/Hsp90-organizing) domain. The 
Hip/Hop/Sti1 domain in Tic40 stimulates ATP hydrolysis of Hsp93 that 
binds the incoming protein and thus operates as motor for import (Figure 2) 
(114-116).  

Import to the outer envelope membrane (OEM) 
 
Toc75 is the only β-barrel protein of the outer envelope membrane of chlo-
roplasts that is targeted and imported via a cleavable N-terminal bipartite 
targeting peptide (117,118). All other outer membrane proteins are synthe-
sized and inserted into the membrane without a cleavable targeting peptide. 
It is unclear whether these proteins use the Toc75 translocon or if they spon-
taneously diffuse into the membrane, as there are studies showing low levels 
of insertion into artificial liposomes, without added ATP. However, both 
Toc159 and OEP14 use Toc75 for insertion into the OEM. OEP14 can be 
inserted into liposomes containing only Toc75, implying that Toc159 and 
Toc34 are not involved (119,120). A report on the protein OEP80 (Outer 
Envelope protein, 80 kDa) suggests the usage of a TOC-independent path-
way for localization to the membrane, as OEP80 was not competed out by 
other precursor proteins utilizing the TOC translocon (99). There are no pro-
teins corresponding to the mitochondrial SAM-complex found in chloro-
plasts, but OEP80 has been suggested to fill the function of an outer mem-
brane translocase, as reduced expression of the protein resulted in reduced 
levels of accumulated Toc75 (121). However, further studies are needed to 
support the idea of OEP80 involvement in β-barrel assembly and to elucidate 
the exact mechanism of targeting and insertion of β-barrel membrane pro-
teins to chloroplasts.  
 
Signal-anchored (SA) OEM proteins contain a transmembrane (TMD) do-
main and a short positively charged C-terminal flanking sequence, which is 
crucial for targeting to the membrane. The degree of hydrophobicity of the 
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TMD and its flanking residues plays a critical role in differentiating targeting 
of proteins to the chloroplast OM from other endomembranes. It was 
demonstrated that by increasing the hydrophobicity of the AtToc64 and 
OEP7 TM regions, caused them to appear in the plasma membrane instead 
of the chloroplast OEM (56,122,123).  Tail-anchored proteins (TA) contain a 
transmembrane domain with a positively charged flanking region, just as SA 
proteins, though with an inversed topology. The interaction with lipids of the 
OEM as well as binding to the ankyrin repeat cytosolic factor, AKR2, in the 
cytosol are proposed to play an important role in the targeting of both SA 
and TA proteins, as AKR2 has been seen to interact with AtToc64 and OEP7 
as well as Toc33/34 and OEP9 (124,125).  Studies on the TA outer mem-
brane protein Toc159 show docking onto Toc34 receptor and the usage of 
Toc75 for insertion into the membrane, whereas OEP14 insertion was found 
independent of the two GTPases Toc34 and Toc159 (120,126).  

Import to the inner envelope membrane (IEM) 
 
Similarly to inner membrane proteins of mitochondria, there are generally 
two routes to follow by the chloroplast inner membrane proteins: the stop 
transfer pathway and conservative sorting. Proteins utilizing the stop transfer 
pathway harbour an N-terminal cleavable targeting peptide followed by a 
hydrophobic region, which together constitute the targeting and sorting sig-
nal for inner membrane insertion. These proteins are halted at the TIC com-
plex and laterally diffused into the membrane. The most well-studied are the 
triose phosphate/phosphate translocator (TPT), accumulation and replication 
of chloroplasts 6 (ARC6) and IEP37 (127). Proteins following the conserva-
tive sorting pathway, such as Tic40, are first targeted to the stroma where the 
protein is processed in two steps, at least once by the stromal processing 
peptidase, SPP. It is subsequently inserted to the inner membrane, possibly 
by the Oxa1 homolouge ARTEMIS (128,129). 

Import into the stroma 
 
Proteins destined for the stroma are generally synthesized with a cleavable 
cTP that is recognized by Toc34 and/or Toc64, possibly with the aid of the 
Hsp70/14-3-3 guidance complex or Hsp90, respectively. Upon GTP hydrol-
ysis, the precursor is passed to the Toc75 protein-conducting channel. Low 
ATP concentrations are required for this process. Tic22 and possibly Toc64 
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function as a platform in the interenvelope space, contacting the incoming 
precursor and further transferring it to the inner envelope channel formed by 
Tic20 and Tic21, and/or Tic110. Tic110 binds the N-terminal part of the 
precursor in the stroma, and at the same time associates to Tic40, which in 
turn recruits the motor proteins Hsp93 and Hsp70. The precursor protein is 
fully imported to the chloroplast stroma in an ATP-dependent manner by 
Hsp93 and Hsp70. After import, the cTP is cleaved off by SPP and the pro-
tein folds, either spontaneously or with the aid of chaperones, such as Cpn60 
(Figure 2) (for review see (130)). In contrast to mitochondrial import, import 
into chloroplasts does not rely on an increasing affinity chain or membrane 
potential, but on GTP binding and hydrolysis (131,132).  

Import to the thylakoids 
 
Proteins destined for the thylakoids are first imported via the TOC and TIC 
machineries to the chloroplast stroma by the use of a bipartite TP. The first 
part of the TP is cleaved off by SPP upon reaching the stroma, exposing the 
second half, which subsequently directs the protein to its final destination 
through a subset of different mechanisms. Thylakoid luminal proteins are 
either targeted in an ATP-dependent manner via the Secretory pathway (Sec) 
or the Twin-arginine translocation pathway (Tat). Sec pathway proteins are 
transported in an unfolded manner, whereas the Tat pathway proteins are 
folded. The specific luminal TPs are cleaved off by the Thylakoid Pro-
cessing Peptidase, TPP, in the lumen. Thylakoid membrane proteins may 
have a cleavable TP and utilize a signal recognition particle (SRP) dependent 
pathway. This was clearly inherited from the cyanobacterial progenitor in-
volving the YidC homologue Alb3. Finally, it is also thought that some 
thylakoid membrane proteins spontaneously diffuse into the membrane (for 
review see (133,134)).  

Targeting peptides 

Mitochondrial targeting peptides (mTPs) 
 
In order for a protein to be correctly targeted and imported into the mito-
chondrial matrix, it is synthesized with a targeting peptide, mTP, which is 
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located at the N-terminus of the protein and is also referred to as a prese-
quence. They are rich in hydrophobic, hydroxylated and positively charged 
amino acids, but are deficient in negatively charged amino acid (135,136).  
The mTPs vary in length, in plants, the mTPs range from 18 to 136 amino 
acids, with an average of 40 amino acids. Yeast and mammalian TPs are in 
general shorter, with an average of 30 amino acids (135,137,138). The short-
est mTP identified in yeast is the 6 amino acid TP from Atp17 (139). Fur-
ther, plant mTPs usually have higher abundance of serines than the counter-
parts from other species (135,138-140). The propensity to form an α-helix 
has been seen for mTPs and has been implied to be important for the binding 
to the mitochondrial outer membrane receptor Tom20 (31,141-143). Moreo-
ver, more than 90% of the mTPs carry a Hsp70-binding site (135).  
 
The abundance of arginines in mTPs is important for utilizing the electro-
phoretic force when crossing the membranes and for recognition by the mi-
tochondrial processing peptidase, MPP. Four classes of mTPs have been 
determined depending on the position of arginine in relation to the MPP 
cleavage site; 1) -2R; 2) -3R; 3) no R; and 4) -10R. 80% of mTPs belong to 
class 1 and 2, in plants there is no mTP found so far that belongs to class 4 
(138,144). The inconsistency of the position of arginine in the cleavage mo-
tif, can in yeast be explained by the presence of the two additional peptidas-
es, Icp55 and Oct1/MIP. Icp55 cleaves off single amino acid and Oct1/MIP 
cleaves off an octapeptide, subsequently to MPP cleavage (139,145,146).  It 
demonstrates that the position of arginine in relation to MPP cleavage site is 
located at the -2 position. Besides arginine at specific positions in the cleav-
age site, the structure surrounding the site is also crucial for MPP processing, 
as studies have shown that by manipulating flexible regions in the prese-
quence, as well amino acids in the mature domain, processing is inhibited 
(147-149).  

Chloroplastic targeting peptides (cTPs) 
 
Chloroplast targeting peptides, cTPs, are similar to mTPs. They are rich in 
hydrophobic, hydroxylated and positively charged amino acids, but deficient 
in negatively charged amino acid. The main differences between mTPs and 
cTPs are within the 16 N-terminal amino acids. Serine and proline are more 
abundant in the cTPs in comparison to mTPs, whereas mTPs have higher 
abundance of arginine. The cTPs are in general longer than mTPs. On aver-
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age they are 60 amino acids long, but the length varies between 13 to 146 
residues (135,136,150). They are also mostly unstructured, although when in 
contact with membrane, helical formation can be induced (151-153). Bind-
ing of Hsp70 to the cTPs is more the rule than exception, with above 80% 
carrying a Hsp70 recognition site (135). Additionally, several cTPs are 
phosphorylated and have the ability to interact with 14-3-3 proteins, forming 
a so called guidance complex, which directs the precursor protein to chloro-
plasts and thereby enhancing the import kinetics (154).  Further, a loose 
FGLK motif has been found in several cTPs, including ferredoxin, the small 
subunit of Rubisco (SSU) and light harvesting chlorophyll a/b proteins 
(LHCPs) of different species. The FGLK motif has been suggested as recog-
nition site for the Toc34 receptor (155-157). 

Fate of TPs in organelles 
 
After import of precursor proteins into the mitochondrial matrix and the 
chloroplast stroma, free TPs are generated as a result of processing by MPP 
and SPP. The free TPs are toxic to biological membranes (158). They are 
degraded by the Presequence protease (PreP) and/or the Organellar oligopep-
tidase (OOP) (159,160). PreP was initially identified in our laboratory as the 
enzyme responsible for degrading the TPs of pF1β and pSSU (161-163). 
Thorough studies have showed its role in degrading TPs and other unstruc-
tured peptides in the range of 10 to 65 amino acids (161,164-166). OOP is an 
enzyme that recently has been shown to degrade peptides from 8 to 23 amino 
acids. Thus, OOP can degrade short TPs as well as peptides generated after 
PreP degradation. Both PreP and OOP are dually targeted to the mitochon-
drial matrix and the chloroplast stroma using an ambiguous dual targeting 
peptide, dTP (160,167).  
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Primary receptors for TPs binding 

Mitochondrial OM receptor Tom20 
 
Tom20 is a receptor of the mitochondrial outer membrane, binding cleavable 
mTPs and transferring the precursor proteins to other components of the 
TOM translocase. In plant mitochondria, Tom20 was first identified in pota-
to tubers (Solanum tuberosum) as a transmembrane protein (168). There are 
functional analogs of Tom20 in fungi, animals and plants, they do not share 
a common ancestor, rather they are the result of convergent evolution.  In 
animals and fungi Tom20 is N-terminally anchored to the membrane, but C-
terminally anchored in plants. The cytosolic presequence binding domain 
belongs to the tetratricorepeat (TPR) family of proteins, but there are differ-
ences between plants and other species. Tom20 from fungi and animals con-
sists of a single TPR domain of 34 residues, whereas plant Tom20 consists 
of 2 atypical TPRs, which are 43 and 44 amino acids in length (169). The 
cytosolic domain of rat Tom20 is composed of 5 alpha helices, of which 4 
arrange into a well-defined structure with an internal hydrophobic core 
where the targeting peptide binds (143,170). In contrast, Arabidopsis Tom20 
is composed of 7 alpha helices forming a concave groove with a mix of hy-
drophobic and hydrophilic residues that form the presequence binding site. 
In yeast, Tom20 has been found only loosely associated to the core TOM 
complex, as it dissociates under mild digitonin treatments (1% w/w), where-
as plant Tom20 remains tightly associated to Tom40 even at digitonin con-
centrations as high as 10 % (w/w) (169,171). 
 
In Arabidopsis, there are several isoforms of Tom20: Tom20-2, Tom20-3, 
Tom20-4. Sequence identities vary from 35 to 60 %, with the very N- and C-
terminal part being the most conserved. A gene encoding a forth isoform, 
Tom20-1 has never been detected in situ, thus, it is likely not to be ex-
pressed. The different isoforms exhibit different precursor recognition speci-
ficities. Interestingly, triple knock-out plant mutants are viable and only 
show slightly slower growth rate (171,172). 
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NMR studies have revealed a mTP consensus motif for yeast and rat Tom20, 
comprising five residues decribed as ϕχχϕϕ, where ϕ is a hydrophobic resi-
due and χ is any amino acid (173). Moreover, NMR experiments of At-
Tom20 mapped 2 discontinuous TP binding sites on the concave surface, 
separated by about 20 Å, in contrast to mammalian Tom20 that binds TPs in 
one hydrophobic cradle. The two TP binding sites in plant Tom20 have been 
suggested as the reason for the plant presequences being longer than coun-
terparts from other species (31). 

Chloroplastic OEM receptor Toc34 
 
Toc34 is a receptor belonging to a plant family of GTPases of eukaryotic 
origin and functions as a primary receptor of the chloroplast outer mem-
brane, binding cleavable targeting peptides (174). Phytozome 
(http://www.phytozome.net) implies that 22 out of 29 land plants have more 
than one Toc34 gene. Pea and Arabidopsis contain two isoforms each, Toc33 
and Toc34, which present distinct developmental expression profiles. Toc33 
is expressed in young, rapidly growing photosynthetic tissues, while Toc34 
has been found to be expressed at low levels throughout development. The 
expression profiles also reflect their different substrate specificities, as 
Toc33 is involved in the import of photosynthetic proteins and Toc34 in the 
import of house-keeping proteins (175,176). 
 
Toc34 is a GTPase that is anchored to the outer envelope membrane via a 
small single helical transmembrane domain with a short C-terminal sequence 
oriented towards the intermembrane space and the N-terminal GTP binding 
domain facing the cytosol. Toc34 is the only chloroplast receptor, for which 
the structure has been solved (177).  In the structure, pea Toc34 exists as a 
dimer, with features similar to small GTPase in complex with GTP activat-
ing protein (GAP). The dimer resembles a butterfly and each monomer con-
sists of α-helices, β-sheets and a long loop, which together build up the 
body, wings and antenna of the butterfly. It appears that it is the precursor 
protein itself that regulates the GTPase activity of Toc34, as dimerization 
kinetics are changed upon precursor protein binding. A cTP can stimulate 
the GTPase activity of the receptor by inducing dissociation of the homodi-
mer and thereby promoting GTP binding. Dimerization reduces the rate of 
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nucleotide exchange, thus the homodimeric form can represent an inactive 
state of the receptor (157,178,179). Further, Toc34 can be phosphorylated, 
which can inhibit both GTP- and precursor protein binding, implying that 
phosphorylation functions as an on/off switch for receptor function (180-
182).  
 
Toc34 has been shown to interact with Toc159 and the two receptors appear 
to have affinity for different parts of the cTP. It is not exactly clear where 
peptide-receptor interaction occurs, however, Toc159 has been demonstrated 
to interact strongly with the very N-terminal part of the cTP of SSU, whereas 
Toc34 was shown to interact with the C-terminal phosphorylated part of the 
cTP (177,183). The FGKL motif in the cTPs has been implied as important 
for Toc34 interaction and peptides comprising more than one FGLK motif 
promote a higher hydrolytic activity of the GTPase (157,184).  
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Dual targeting 

General 
 
Although mitochondria and chloroplasts are two different organelles within 
the cell, performing very important distinct functions, they also share many 
similarities, in most cases due to their endosymbiotic origin. Most of the 
organellar proteins are specifically imported, but there is a group of proteins, 
which are dually targeted to mitochondria and chloroplasts. The majority of 
the dual targeted proteins are involved in protein synthesis, DNA synthesis 
and the cell cycle. Examples are the aminoacyl-tRNA synthetases (aaRSs), 
DNA polymerase γ2, and Regulator of choromosome condensation (RCC1). 
There are also other proteins that have been found to be dually localized to 
both mitochondria and chloroplasts, with no obvious purpose in both orga-
nelles, for example cytochrome c1, the function of which in chloroplasts 
cannot be demonstrated (185,186). It appears that the mechanism of dual 
targeting arose early in evolution, as dual targeting of several orthologous 
proteins is conserved between Psycomitrella patens and Arabidopsis thali-
ana, two plant species that diverged more than 450 million years ago (187). 
Dual targeting can be obtained by different mechanisms, using either twin or 
ambiguous targeting peptides. The twin targeting peptides usually contain 
two translation origins resulting in two forms of the precursor protein being 
produced, one targeted to mitochondria and the other targeted to chloro-
plasts. Examples of twin targeting are protoporphyrinogen oxidase from 
Spinacia oleracea and DNA-directed RNA polymerase 2 from Nicotiana 
tabacum (188,189). The ambiguous targeting peptides guide the same pre-
cursor protein to the two different organelles using one sole dual targeting 
peptide, dTP (Figure 3). This subject will be described in the section below 
“Dual targeting peptides”. 
 
107 proteins are reported to be dually targeted to mitochondria and chloro-
plasts, although more than 500 proteins have been predicted by ambiguous 
targeting predictor (ATP) to contain ambiguous dual targeting signals 
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(188,190). The first protein that was found to be dually targeted was gluta-
thione reductase (GR) from Pisum sativum (pea) (191). Among the 24 orga-
nellar aaRSs in Arabidopsis, 18 have been found to be dually targeted 
(192,193). The targeting capacity of GR as well as other dual targeted pro-
teins, such as several aaRSs have been studied extensively in order to eluci-
date how organellar import can be specific, yet allow dual targeting. There 
have been different hypotheses regarding how dual targeting is achieved: 1) 
mitochondria and chloroplasts share a specific receptor for dual targeted 
proteins, 2) the dual targeting peptides, dTPs, are organized in domains for 
distinct organellar targeting, 3) there are “true” ambiguous dTPs, which are 
recognized by the different receptors of the mitochondrial and chloroplastic 
import apparatus. My thesis work concerns characterization of ambiguous 
targeting peptides that guide the dual targeted proteins through organellar 
import machineries and their interaction with import receptors on the orga-
nellar membranes.  
 
 

 
 
Figure 3. Precursor protein with an ambiguous dual targeting peptide, dTP, 
that can be imported into both mitochondria and chloroplasts. 
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Dual targeting peptides (dTPs) 

Amino acid composition and sequence patterns 
 
To investigate the amino acid distribution and composition of dTPs, we ana-
lysed 43 known dual targeted proteins from Arabidopsis by SequenceLogos 
(Figure 4), which shows the relative amino acid distribution at every posi-
tion of the polypeptide chain (Paper I). We further compared them to target-
ing peptides of 385 mitochondrial and 567 chloroplastic proteins found in 
organellar proteome studies. Selected cut-offs of 40 and 60 amino acids were 
chosen to enable comparison to an average mitochondrial and chloroplastic 
targeting peptide, respectively (150,194). The analysis revealed that the 
dTPs are enriched in phenylalanine, leucine, and serine in comparison to 
mTPs and cTPs. The content of negatively charged amino acids and glycine 
is even lower than in mTPs and cTPs. Also, the loss of lysine is significant 
compared to cTPs. Investigating the amino acid content in the first 16 N-
terminal amino acids, where the greatest significant differences between 
mTPs and cTPs have been found, revealed that there is 82 % more arginines 
in dTPs than in cTPs and 35 % more serines compared to mTPs. These ami-
no acids also contribute mostly to the differences between mTPs and cTPs 
(150). Thus, based on the amino acid composition, it is difficult to discrimi-
nate dTPs from either mTPs or cTPs.  
 
 To investigate if dTPs have specific amino acid sequence patterns, we per-
formed a multivariate data analysis, MVDA, which is a statistical method 
that previously has been proven to find systematic relations between amino 
acids in polypeptide chains (195,196). To test this method, we manually 
selected 31 mitochondrial and 34 chloroplastic proteins that have experimen-
tally confirmed targeting peptides specifically directing proteins either to 
mitochondria or chloroplasts in Arabidopsis and compared them to 42 dual 
targeted proteins (Paper II). Our study shows that MVDA can separate the 
mTPs and cTPs by their different physicochemical properties. This is visual-
ized in score plots, and the greatest separation is obtained in the first 19 N-
terminal amino acids. The properties that contribute mostly to the class sepa-
ration are charged amino acids at a distance from each other of 3 or 4 resi-
dues for mTPs and hydrophobic and bulky amino acids with a distance of 2 
residues for cTPs.  When we analysed 42 dTPs using the MVDA method, 
the dTPs heavily overlap with both mTPs and cTPs in the score plots and 
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they possess an intermediate sequence pattern. Further, the model of score 
plot is not satisfactory as the prediction ability (Q2cum) is very low, hence the 
MVDA cannot separate dTPs from either mTPs or cTPs (Paper II) (197). 
Therefore, it can be concluded that the dTPs show characteristics from both 
mTPs and cTPs and that the sequence patterns of dTPs are intermediate to 
mTPs and cTPs.  
 
 

 
 
Figure 4. SequenceLogos presenting positional amino acid distribution of 
100 N-terminal residues in 43 dual targeted proteins (Paper I). 
 
 
We also wanted to evaluate the importance of positive charges in the N-
terminal portion of mTPs in mediating efficient targeting to mitochondria, by 
investigating if the dual targeting capacity of dTPs would change when we 
introduce positively charged residues to these sequences (Paper II). We in-
troduced a few arginines in silico and in vitro to targeting peptides of several 
dual targeted aaRSs. Using MVDA we could show that the 42 in silico mu-
tated aaRS-dTPs clustered with the mitochondrial proteins in the score plot. 
By performing in vitro import studies into isolated mitochondria and chloro-
plasts with the variants of aaRSs we could support the observation of a local-
ization shift, as import efficiency of several variants was substantially de-
creased to chloroplasts, but not to mitochondria. Our results thus indicate 
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that positive charges in the N-terminal region of TPs may function as an 
“avoidance signal” for the chloroplast import. For most variants, the total 
mitochondrial import did increase. This suggests that the number of ar-
ginines in the dTPs influences the import efficiency of proteins into the re-
spective organelle. Interestingly, there is a decrease of processing by MPP 
for most aaRS variants, implying structural changes in the aaRS-dTPs that 
not support efficient binding to MPP. However, it can also be interpreted to 
indicate that partial inhibition of MPP is a result of overproduction of TPs, 
due to higher amount of precursor proteins being imported (Paper II).  

Length requirements 
 
cTPs are on average 10 amino acids longer than mTPs in plants, so it was 
interesting to investigate the length of dTPs. As visualized by SequenceLog-
os of 43 dual targeted proteins, there is a very low content of negatively 
charged amino acids in the N-terminal portion of these proteins, however, 
the content increases after about the 50 N-terminal residues, which might 
indicate the start of the mature protein. On the other hand, the overall ap-
pearance of the SequenceLogos is similar up to approximately 90 amino 
acids and after this lengh it changes (Figure 4) (Paper I). This might indicate 
that there is also a substantial number of dTPs that are up to 90 residues 
long. To further investigate the length of dTPs, we have specifically studied 
two proteins that are dually targeted using ambiguous targeting peptides: 
threonyl- tRNA synthetase, ThrRS, and Presequence protease, PreP (Paper I 
and Paper III).   
 
ThrRS is one of 18 known dual targeted aaRSs in Arabidopsis (192). It is a 
house-keeping protein that attaches threonine to a tRNA molecule. It is syn-
thesized with an ambiguous targeting peptide, with a predicted cleavage site 
by TargetP at amino acid 38 (http://www.cbs.dtu.dk/services/TargetP/). To 
characterize its targeting capacity, we constructed chimeric proteins contain-
ing 65, 60 and 50 N-terminal amino acids of the ThrRS precursor fused to 
GFP. We performed in vitro import studies into isolated mitochondria and 
chloroplasts of the different variant constructs. The studies showed that 65 
and 60 amino acids of the ThrRS precursor were capable of importing GFP 
to both mitochondria and chloroplasts, whereas the 50 amino acid peptide 
was not sufficient to confer import to either of the organelles. Moreover, 
deleting the 23 N-terminal amino acids of ThrRS-dTP, abolished import into 
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both mitochondria and chloroplasts. These results show that the first 23 ami-
no acids of the ThrRS-dTP are necessary, but not sufficient to support dual 
organellar import and that 60 amino acid residues are the shortest entity of 
ThrRS-dTP that can confer dual targeting (Paper I).   
 
PreP was first identified in Arabidopsis and shown to be dually targeted to 
the mitochondrial matrix and chloroplast stroma, but it also has homologues 
in non-plant species (198,199). The Arabidopsis genome encodes two 
isoforms of PreP, AtPreP1 and AtPreP2 that have 86 % sequence identity but 
different developmental expression profiles (164,165). The yeast PreP 
homologue, Cym1, and human PreP, hPreP, show 29 % and 35 % sequence 
identity to AtPreP1, respectively.  
 
The TPs of AtPreP and hPreP are predicted to be 85 and 29 amino acids, 
respectively. There have been conflicting results regarding both the targeting 
signal and also the localization of the yeast homologue, Cym1. One study 
implies that the information for mitochondrial targeting is not localized with-
in the predicted 30 amino acid long N-terminal TP of Cym1 (199), whereas 
another study shows that the TP of Cym1 is 7 amino acids long (139). The 7 
amino acid presequence of Cym1 was estimated by mass spectrometry anal-
ysis of the N-terminal amino acid of the mature protein in situ. Based on 
these studies we have deleted 7 as well as 30 amino acids from the N-
terminus of the Cym1 precursor and we could show that import into yeast 
mitochondria was abolished in both cases, indicating that the 7 N-terminal 
amino acids are essential for import (Paper III). It is intriguing why homolo-
gous proteins destined for the same organelle, although in different species, 
are harbouring targeting peptides with such length differences. Therefore, we 
examined the targeting capacities of the different targeting peptides of PreP 
homologues into three species, plant, yeast and rat mitochondria. We found, 
using fusion constructs of TPs and 33-40 amino acids of mature protein with 
GFP as passenger protein, that the long TP of AtPreP (AtPreP (1-125) GFP) 
had the capacity to target the passenger protein into the matrix of all three 
species, plant, mammalian, and yeast mitochondria. Interestingly, the shorter 
TP of hPreP  (hPreP (1-69) GFP) had the capacity to target GFP into mam-
malian and yeast mitochondrial matrix, but not into plant mitochondria, 
whereas the short TP of Cym1 (Cym1(1-40) GFP) could only target the pas-
senger protein to yeast IMS (Paper III). There can be different reasons for 
the diverse targeting capacity of PreP-TPs from various species. The plant 
Tom20 has two discontinuous binding sites that can explain why longer TPs 
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are required for efficient recognition and binding to the plant receptor. Only 
the long AtPreP-TP might meet this requirement. Further, plant mTPs con-
tain a higher abundance of serines compared to mTPs from non-plant 
sources. This is also the case for PreP-TPs as AtPreP-TP, hPreP-TP and 
Cym1-TP comprise 18, 1 and 0 serines, respectively, which might be of im-
portance for targeting capacity.   
 
Cym1 has previously been shown to be localized to the IMS of mitochon-
dria, which is remarkable as both hPreP and AtPreP are localized in the mi-
tochondrial matrix (the compartment where TPs are cleaved). We show that 
expressing AtPreP in a yeast cym1 deletion strain could complement the 
phenotype, implying that both proteins are functional homologues. Moreo-
ver, by performing in vitro import studies into yeast mitochondria of full 
length Cym1, and in vitro processing studies of a truncated Cym1 construct, 
Cym1 (1-497) (in order to detect shift from precursor to mature protein by 
SDS-PAGE), we could show that Cym1 is localized in the matrix of yeast 
mitochondria and can be processed by MPP (Paper III). Why the short 
Cym1-TP shows the capacity to confer targeting of GFP only to IMS and not 
to the matrix, might be due to specific sequence requirements in the passen-
ger protein, necessary for crossing the OM and IM, as well as for reaching to 
components of the import machinery in the matrix. This may be present in 
the native mature protein but lacking in GFP. 
 
Several studies have been performed to elucidate the length requirements of 
organelle-specific TPs. Experiments showed that the optimal length for im-
port of the precursor of F1β subunit of the ATP synthase into both plant and 
yeast mitochondria was 47 amino acids. For import of the precursor of alter-
native oxidase (AOX) into mitochondria of soybean, 41 amino acids were 
required (200,201). In a study, in which cTPs of different lengths from vari-
ous chloroplastic precursor proteins were fused to a passenger protein (the 
27th Ig domain of the muscle protein titin), it was demonstrated that about 
60 amino acids are required to enable the translocation across the chloroplast 
membranes, and that these amino acids do not necessarily have to be a part 
of the cTP. The authors suggested that the only requirement for translocation 
is that the 60 amino acids remain in an unfolded conformation. Thus the 
nature of the mature protein and the forces of folding and unfolding are also 
essential for import into mitochondrial matrix and chloroplast stroma (202).   
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Domain structure 
 
A few reports showed that the dual targeted proteins have their dTPs orga-
nized in domains, where one domain is responsible for targeting to mito-
chondria and the other domain is responsible for targeting to chloroplasts. 
Deletions in the N-terminal part of dTPs from AtPreP, GR, and a phage-type 
RNA polymerase T;2 (RpoT;2), abolished the dual targeting capacity as 
import into only one of the organelles was observed (167,203,204). The hy-
pothesis of a domain organization of dTPs as a general rule was tested exper-
imentally in our laboratory in collaboration with Dr Anne-Marie Duchene 
(193). By creating several deletion constructs of aaRS-dTPs, it was experi-
mentally shown that only two out of 7 aaRS-dTPs were organized in do-
mains. The residual aaRS-dTPs exhibited overlapping determinants for or-
ganellar import. In our studies, when deleting the 23 N-terminal amino acids 
of ThrRS-dTP, the import into both mitochondria and chloroplasts was abol-
ished (Paper I), showing an important role of the N-terminal portion of the 
ThrRS-dTP for import into both organelles. Thus, some dTPs are organized 
in domains, however, there is no general rule for how import determinants 
are organized within dTPs.  

Import pathways 
 
Import into mitochondria and chloroplasts is generally very specific. Only a 
few studies report mis-targeting of chloroplast proteins into mitochondria in 
vitro (150,205,206). It raised questions whether the dual targeted proteins are 
using the same import machineries as organelle specific proteins, or if the 
dTPs confer protein targeting via different routes. In order to examine this, 
the 60 amino acid long dTP of ThrRS, ThrRS-dTP(2-60) was purified (207) 
and in vitro import competition studies were performed. ThrRS-dTP(2-60) 
was pre-incubated with isolated mitochondria and chloroplasts prior to im-
port of radiolabelled mitochondrial and chloroplast precursor proteins, pF1β 
and pSSU, respectively. Both pF1β and pSSU are specifically targeted to a 
single organelle and import of both proteins was indeed inhibited by ThrRS-
dTP(2-60), implying that the dual targeted proteins are using the same im-
port machinery as organelle-specific proteins (Paper I).  
 
To analyse the structural properties of the purified ThrRS-dTP(2–60) we 
performed CD spectroscopy measurements that revealed that the peptide is 
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mostly random coil, but can adopt about 25-30 % helical structure in mem-
brane mimetic environments. This indicates that the structural propensity of 
the ThrRS-dTP is intermediate between mTPs and cTPs,  (Paper I), as mTPs 
form amphiphilic α-helices and cTPs are mostly unstructured.  

Interaction of dTPs with organellar receptors 
 
We have also used NMR to obtain a more thorough structural characteriza-
tion of ThrRS-dTP(2–60), as well as to study its interaction with the purified 
mitochondrial Tom20 receptor. We estimated that the interactions between 
ThrRS-dTP (2–60) and Tom20 involve a large part of the sequence, in two 
regions, similarly to what has been observed in binding to organelle-specific 
mTPs in plants. Our results show that residues S11–V28 have the propensity 
to adopt an amphiphilic structure and that serines shape the polar side of the 
helix. Interestingly, this region also encompasses L24RRFV28  residues, 
which correspond to the Tom20 consensus motif identified in yeast and rat 
(173) (Figure 5). The positive charges within the two binding regions (two 
Arg and one Lys within S11-V28, two Arg within L30-Q39) support the 
hypothesis that plant Tom20 binds to targeting peptides with a mix of hy-
drophobic and hydrophilic residues, in contrast to animal Tom20. Moreover, 
we observed line broadening in the NMR spectra rather than chemical shift 
changes upon Tom20 titration, indicating a very dynamic interaction (Paper 
IV). This is in agreement with previous reports, as structural studies of rat 
Tom20 with the presequence of ALDH (aldehyde dehydrogenase) can not 
explain simultaneous binding of the three hydrophobic amino acids of the 
presequence in the consensus motif to Tom20, so a dynamic, multiple-mode 
interaction between peptide and receptor is suggested (170,208,209). Also, 
specific and sequential binding with increasing affinity to receptors of the 
TOM and TIM translocase components has been proven, further supporting 
the importance of a dynamic interaction (210).  

 
 
Figure 5. Amino acid sequence of ThrRS-dTP(2-60). Highlighted is the 
LRRVF Tom20 binding motif, see the text. 

ThrRS-dTP (2-60)! !!A!S!S!H!S!L!L!F!S!S!S!F!L!S!K!P!S!S!F!A!S!S!L"R"R"F"V"Y!L!P!T!
! ! ! ! !!R!Q!F!W!P!R!Q!R!H!G!F!S!T!V!F!A!V!A!T!E!P!A!I!S!S!S!G!P!!
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Moreover, we have performed studies to compare the ThrRS-dTP(2-60) and 
Tom20 interactions with interactions of ThrRS-dTP(2-60) to the chloroplast 
receptor Toc34. The cytosolic domain of Toc34 was purified and NMR stud-
ies of its interaction with ThrRS-dTP(2–60) were performed. Our results 
show a significant line-broadening and a corresponding drop in intensity for 
most cross-peaks in the NMR spectra (Paper V). This indicates that most of 
the ThrRS-dTP(2–60) participates in a dynamic interaction to Toc34. Thus, 
in contrast to the interaction of ThrRS-dTP(2–60) to Tom20, the residues 
involved are more spread throughout the ThrRS-dTP(2–60) sequence and 
also located in the C-terminal region of the ThrRS-dTP(2–60) (Figure 6).  
 
 
 

A)  
 

B)  
 
Figure 6. Structure of ThrRS-dTP(2-60) by PyMOL (The PyMOL Molecular 
Graphics System, Version 1.3, 2010 Schrödinger, LLC). Residues with large 
chemical shift differences after adding Tom20/Toc34 are marked in red and 
residues with significant intensity loss are marked in cyan. A) Affected resi-
dues of the ThrRS-dTP(2-60) upon Tom20 titration, B) Affected residues of 
the ThrRS-dTP(2-60) upon Toc34 titration. 
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Import competition studies into isolated chloroplasts show that purified 
Toc34 inhibits in vitro import of radiolabelled ThrRS-GFP, supporting a 
specific interaction between the Toc34 receptor and the ThrRS-dTP. Moreo-
ver, we have performed import competition studies using different peptides 
derived from ThrRS-dTP(2-60) and organelle-specific proteins (SSU and 
F1β). The peptides were of varying length and position within the ThrRS-
dTP(2-60). We could show that the first 29 N-terminal amino acids of the 
ThrRS-dTP(2–60) peptide inhibit protein import into both mitochondria and 
chloroplasts, while the C-terminal residues (residues 30-60) are exclusively 
inhibitory of chloroplastic import (Paper V). In summary, we have demon-
strated that the nature of the recognition of the dual targeting peptide of Thr-
tRNA synthetase is different for mitochondrial and chloroplastic import.  
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Regulation of import into mitochondria and 
chloroplasts 

Protein import is an essential process for the cell, so how, when and where a 
protein is imported should be regulated. Regulation can be carried out at 
several levels. One regulatory mechanism is to change the expression levels 
of proteins destined to the organelles including expression of receptors. It 
has been experimentally verified that the level of Tom20 positively corre-
lates with import efficiency of some precursor proteins; the amount of 
Tom20 in mitochondria depends on the developmental stage of the plant and 
the amount of imported AOX into the organelle was shown to exhibit the 
same pattern (211). Also, another study showed that import of AOX and 
Polγ2 was almost two-fold higher into mitochondria isolated from seedlings 
compared to cultured cells, at the same time Tom20-4 was approximately 
twice as abundant in mitochondria isolated from cell seedlings compared to 
mitochondria isolated from cell cultures. However, the opposite was seen 
with Tom20-2, which was twice as abundant in mitochondria isolated from 
cell cultures compared to mitochondria isolated from seedlings. Thus, differ-
ent expression pattern of components of the import apparatus may affect 
import efficiency of different precursor proteins (212). Likewise, it has been 
observed that the amounts of Hsp70 decrease with the age of the plant and 
that it correlates with the mitochondrial import efficiency (213).  
 
Another mode of regulation is by the phosphorylation of proteins. Compo-
nents of both mitochondrial and chloroplast import machineries are phos-
phorylated and the import capacity can be positively or negatively regulated 
in this manner. The TOM machinery in yeast mitochondria harbours more 
than 30 different phosphorylation sites. Phosphorylation affects assembly of 
the complexes as well as protein import (214). For example, protein kinase 
A (PKA) can phosphorylate Tom70, which results in decreased binding of 
Tom70 to Hsp70 and also decreased protein import. Casein kinase 2 (CK2) 
controls the biogenesis of the receptor proteins Tom20 and Tom70 by phos-
phorylating Mim1, which in turn is required for insertion of the two recep-
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tors to the membrane (215).  In chloroplasts, phosphorylation of one isoform 
of Toc34 has been shown to inhibit both GTP and precursor protein binding. 
Additionally, phosphorylation of the targeting peptide can promote binding 
of 14-3-3 proteins that together with Hsp70 form a “guidance-complex” that 
enhances the import kinetics of chloroplast import (154,182,216,217).   
 
The redox state of the cell also constitutes a way for regulation. The MIA-
complex forms an oxidative machinery in the IMS of mitochondria. Oxida-
tion results in formation of disulfide bridges that affect protein conformation, 
trapping them in the IMS (66). Also the TIC and TOC complexes of the 
chloroplasts have been found to answer to redox signals that affect protein 
import. All subunits of the TOC complex contain conserved cysteines and it 
has been observed that reduction of disulfide bridges increases import effi-
ciency as the receptors are allowed to be more flexible. This is suggested to 
be necessary for efficient binding of precursor proteins and subsequent trans-
fer to the Toc75 translocon. Oxidation, on the other hand, leads to intermo-
lecular disulfide bridges between Toc159/Toc75/Toc34 that block import 

(183,218-220).  Also, the stromal NADP+/NADPH ratio mediates a regula-
tory pathway for import of mainly photosynthetic proteins. It was demon-

strated that the generation of stromal NADP+ increases the import efficiency 

of e.g. FNR (ferredoxin- NADP+-oxidoreductase), GAPDH (glyceraldehyde 
3-phosphate dehydrogenase) and SSU, as well as some metabolic enzymes 
such as G6PDH (glucose-6-phosphate dehydrogenase). Import of the non-
photosynthetic ”house-keeping” proteins that are needed in constant amounts 
in the organelle was found not to be affected by the chloroplast redox state 
(218,221,222). 
 
As the dual targeted proteins belong to the group of ”house-keeping” pro-
teins, the redox state mechanism cannot specifically encounter for their regu-
lation. Moreover, even if 15 out of 18 dual targeted aminoacyl t-RNA syn-
thetases are predicted to possess 14-3-3 binding sites within their 100 N-
terminal amino acids, co-immuoprecipitation studies of 11 amino acyl t-
RNA synthetases did not show binding to 14-3-3 proteins (Figure 7) (Spån-
ning et al. unpublished data). Thus it is not likely that phosphorylation and 
the binding to 14-3-3 proteins constitute a way of regulating import of dual 
targeted proteins. One possible system for regulation of import is by the 
circadian clock. There are examples of chloroplast proteins that have a  
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Figure 7. Radiolabeled aaRSs-GFP/RFP and pSSU(1-80)-GFP fusion prote-
ins and pSSU were translated in wheat germ lysate and co-
immunoprecipitated with antisera against Hsp70, 14– 3–3, and pre-immune 
serum (PS) as a control. 5 % input of the translation product (TP) were loa-
ded in the first lane. pSSU(1-80) and pSSU were associated with 14-3-3 
proteins and Hsp70. aaRSs-GFP proteins were associated with Hsp70, but 
not with 14-3-3 proteins.  
 
 
substantially reduced import rate in dark conditions compared to light, and 
vice versa. For example, the photosynthetic ferredoxin (pFdI) was found to 
be imported mainly during light and the non-photosynthetic ferredoxin (pFd-
III) was imported into chloroplast stroma only during dark conditions. Thus 
the chloroplast can provide a way of regulating protein import in this way 
(223). Also, efficient import of AOX and FAd into tobacco mitochondria was 
found only when mitochondria were isolated after the dark period (224). We 
investigated if this temporal regulation of import into the organelles could 
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constitute a way to control import of dual targeted proteins to mitochondria 
and chloroplasts. We isolated chloroplasts and mitochondria after dark and 
light periods and performed in vitro import studies of several dual targeted 
aaRSs, however, no significant differences in import efficiencies were de-
tected (Spånning et al., unpublished data).  
 
Mis-targeting of mitochondrial protein to chloroplasts has never been ob-
served. Mis-targeting of chloroplast precursor proteins to mitochondria has 
been seen in vitro but not in vivo (205,206), which implies the involvement 
of cytosolic factors in regulating organellar protein import.  
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Cytosolic factors 

Both mitochondrial and chloroplast precursor proteins have been found as-
sociated to cytosolic chaperones. It is believed that binding to Hsp70 keeps 
the precursor proteins in an unfolded state prior to import into the respective 
organelle. Furthermore, Hsp70 can also bind to targeting peptides; 80 % of 
the cTPs and 97 % of the mTPs contain binding motifs for Hsp70 (135,225). 
Binding of Hsp70 in association with 14-3-3 proteins to targeting peptides 
has been observed to stimulate chloroplast import (as previously mentioned 
in section “Regulation of import”) (216,226). 14-3-3 proteins preferentially 
bind to phosphorylated serines, however, removal of phosphorylation sites in 
pSSU and two dual targeted amino acyl-tRNA synthetases did not affect 
import to chloroplasts in vivo. Thus binding to the “guidance-complex” is 
not responsible for specificity of chloroplast import but for efficiency of 
import (227). 80% of the cTPs and 97% of the mTPs contain binding motifs 
for Hsp70. Another chaperone that has been shown to bind chloroplasts pre-
cursor proteins prior to import is Hsp90. In addition to preventing precursors 
from aggregating in the cytosol, it mediates docking onto the TPR domain of 
the chloroplast OEM Toc64 receptor (27,102). A recent study showed that 
Hsp90, in contrast to Hsp70, requires structural information from both the 
targeting peptide and the mature part of the chloroplast precursor protein. 
Further, it was demonstrated that simultaneous binding of 14-3-3 proteins 
and Hsp90 was negligible and it was suggested that chloroplast precursors 
are targeted via two different routes: Hsp70-Hsp90-Toc64-Toc34-Toc75 or 
Hsp70-(14-3-3)-Toc34-Toc75. In the case where the precursors are trans-
ferred from Hsp70 to Hsp90, co-chaperones such as immunophilins and 
HOPs (Hsp70 and Hsp90 organizing proteins) are associated (228). Howev-
er, plants completely lacking Toc64 do not have defects in either protein 
sorting or protein import, indicating that the Hsp90 chaperone recognition 
can be bypassed (102).  
 
In mammals there are some mitochondrial proteins that have been found 
associated to Hsp90 and recognized by the Tom70 receptor (229,230). In a 
recent study, Tom34 that contains two TPR domains was identified as a co-
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chaperone of Hsp70 and Hsp90 and suggested to be involved in the import 
of two mitochondrial inner membrane proteins as well as one matrix local-
ized protein (231). Plant mitochondria do not contain Tom70 but OM64, the 
Toc64 paralogue. Thus, there might be a Hsp90-OM64 pathway also present 
in plant mitochondria.  
 
Mitochondrial precursor proteins have been found associated to a subset of 
other cytosolic factors, and the first identified was the Presequence binding 
factor (PBF), which was shown to form a complex together with the precur-
sor protein and Hsp70. When depleting PBF from reticulocyte lysate (RRL), 
in which precursors of ornithine carbamoyltransferase (OTC), aspartate ami-
notransferase (AST) and malate dehydrogenase (MDH) were synthesized, 
the in vitro import of all three proteins was inhibited. By adding purified 
PBF, import was restored. Analysis of sedimentation coefficients showed 
that PBF prevents precursor proteins from aggregation (232,233). Later, 
another chaperone involved in mitochondrial import was identified. It was 
the Mitochondrial import stimulating factor (MSF), purified from rat liver 
cytosol, that could recognize the presequence of the mitochondrial precursor 
adrenodoxin (pAd), and had the capacity to keep the precursor in an import 
competent state as well as unfold aggregated precursor proteins (234,235). 
The stimulation of import did not require Hsp70 and the two chaperones 
seem to recognize different parts of the precursor protein. It was therefore 
speculated that MSF maintains the unfolding-refolding cycle of the precursor 
at the expense of ATP hydrolysis until a mitochondrial membrane becomes 
available. The latest report on MSF shows that precursors bound to MSF are 
delivered to the OM receptor Tom70, whereas precursors bound to Hsp70 
are delivered to the OM receptor Tom20 (236). Another cytosolic factor, the 
Aryl hydrocarbon receptor interacting protein (AIP), belongs to a family of 
peptidyl-prolyl cis/trans isomerases (PPIases), which has been shown to 
function in the folding of a number of proteins. A ternary complex of 
Tom20, AIP, and mitochondrial precursor of ornithine transcarbamylase 
(pOTC) has been observed. In vitro binding assays revealed that AIP specif-
ically binds mitochondrial precursors and in vitro import studies showed that 
AIP could stimulate import as well as prevent the pOTC from loss of import 
competence. AIP has chaperone activity that can prevent precursors from 
aggregation and it was suggested that AIP functions together with Hsp70 to 
keep the presursor proteins in an unfolded state and upon transfer to mito-
chondria, form a complex with Tom20 (237).   
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Interestingly, in vitro import of proteins into isolated mitochondria is not 
supported when precursors are synthesized in wheat germ extract (WGE). In 
contrast, the same protein can be imported when synthesized in rabbit reticu-
locyte lysate (RRL). Addition of WGE to import competent precursors syn-
thesized in RRL can cause inhibition of mitochondrial import, indicating the 
presence of an inhibitory factor(s) in WGE. However, in vitro import exper-
iments into isolated chloroplasts do not discriminate the systems and either 
WGE or RRL can be used. When the dual targeted GR was synthesized in 
WGE, only import into chloroplasts was observed, but when it was synthe-
sised in RRL import into both organelles was seen. Only one mitochondrial 
protein has been found as import competent when synthesized in WGE, the 
precursor of FAd ATP synthase. By making chimeric constructs of FAd and 
AOX it was concluded that the import competence correlates to the solubili-
ty of the precursors (238). Another study showed that adding rat liver cytosol 
containing MSF to mitochondrial precursors synthesized in WGE promoted 
mitochondrial import (234). These studies showed that the inhibitory effect 
of WGE can be overcome by rat liver cytosol containing import stimulating 
factors. Hence, although mitochondrial and chloroplast precursor proteins 
share many similar features such as binding to Hsp70 and Hsp90 in the cyto-
sol, they are clearly recognized by specific cytosolic factors that can discrim-
inate them.  
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Concluding remarks and future perspectives 

Dual targeting of proteins to mitochondria and chloroplasts is a subject that 
further needs extensive studies to be fully understood. Our findings provide 
a characterization of the features of dTPs, regarding amino acid composition 
and sequence patterns, targeting capacities and interaction with the organel-
lar receptors. However, there are still several interesting questions to be an-
swered concerning global identification of dual targeted proteins, binding of 
dTPs to receptors, regulation of protein import as well as expression profiles 
of different players of the system, precursor proteins, receptors and cytosolic 
factors at different developmental stages and under different environmental 
conditions.  
 
One of the main challenges in the field is to identify all proteins that are 
dually targeted to mitochondria and chloroplasts. Are dual targeting peptides 
acquired by few proteins that share similar function in both mitochondria 
and chloroplasts or does dual targeting apply to many more proteins? Is what 
we see only the tip of an iceberg?  
 
It is important to note that there is no consensus sequence in TPs and that 
there is a great variability in both mTPs, cTPs and dTPs. For example, the 
different TPs might bind distinctive isoforms of the primary receptors, en-
compassing different recognition specificities, to e.g. photosynthetic and 
non-photosynthetic proteins. Further, different isoforms of TOM and TOC 
components can assemble to form distinct complexes, presumably mediating 
import of selective precursor proteins. Moreover, length requirements of 
targeting peptides may vary for instance due to differential binding of recep-
tors, translocase components and to import elements in the stroma and ma-
trix, such as Hsp70 or Hsp93. Thus, the TPs contain several regions im-
portant for import and the combination of them results in enormous hetero-
geneity amongst targeting peptides. As different regions of TPs (can be over-
lapping) are needed for important steps of the import process (i.e. binding to 
cytosolic factors, primary receptors, translocons, and stromal- and matrix 
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proteins), it can explain why it is not possible to delete different parts of the 
TPs.  
 
In order to understand regulation of dual targeting, it would be interesting to 
investigate binding affinities of dTPs to organellar receptors. This would 
allow discrimination of binding capacities to mitochondria and chloroplasts. 
As chloroplasts constitute a much larger volume in the plant cell than mito-
chondria, one would expect that the affinity of dual targeted proteins should 
be stronger to mitochondria in order to import sufficient amounts of proteins. 
It would be also interesting to compare these results to binding affinities of 
organelle-specific TPs. Such studies can be performed using the BioCore 
methodology, detecting binding of peptides derived from different TPs to 
purified receptors. Certainly, it would also be exciting to solve the 3D struc-
ture of organellar receptors with dTPs bound to them using either crystallog-
raphy or the novel single particle cryo-electron microscopy. 
 
Another aspect that would be exciting to study, would be identification of 
cytosolic factors and their binding to precursor proteins. Many reports on 
interaction of cytosolic molecular chaperones and other factors (“guidance 
complex”) with chloroplast precursor proteins have provided proof for their 
role in protein import, however, so far no specific interactions of cytosolic 
factors with mitochondrial precursor proteins have been reported in plants. 
Another interesting process associated with “guidance complex” is phos-
phorylation of cTPs prior to the import. This raises several interesting ques-
tions concerning dTPs. As dTPs partially contain characters of both the cTPs 
and mTPs, one would ask if dTPs become phosphorylated, if they interact 
with any so far known cytosolic factors, such as e.g. Hsp70 or the “guidance 
complex”? Are there any specific factors that recognize dTPs in the cytosol 
and participate in regulation of the organellar import?       
 
Moreover, it would be of great interest to study expression levels of dual 
targeted proteins at different developmental stages of a plant and under dif-
ferent environmental conditions. That would open new questions concerning 
protein import. Does the “weak” intermediary character of the dTPs require 
production of higher amounts of these proteins, to enable sufficient quanti-
ties to be imported to the respective organelle?  
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Svensk sammanfattning 

Mitokondrien och kloroplasten är två membranomslutna organeller i cellen 
som båda har bakteriellt ursprung. De har sin egen arvsmassa, DNA och de 
komponenter som behövs för att tillverka proteiner inne i organellen. De 
flesta av organellernas proteiner kodas dock i cellkärnan och syntetiseras i 
cytoplasman, vilket innebär att dessa måste importeras in till mitokondrien 
och kloroplasten. Transport och sortering av proteiner i cellen är viktigt eft-
ersom olika proteiner har specifika funktioner på olika platser. Det finns t.ex. 
enzymer som deltar i metabolismen som måste importeras till mitokondrien, 
för att vi ska kunna tillgodogöra oss den energi som är grundläggande för 
cellens överlevnad. På samma sätt finns det enzymer i kloroplasten, som är 
inblandade i den för oss livsavgörande fotosyntesen. För att import till mi-
tokondrien och kloroplasten ska vara möjlig, produceras organellernas pro-
teiner med en klyvbar signalpeptid som sitter i änden av proteinet och vilken 
fungerar som en adresslapp. De mitokondriella och kloroplastiska signalpep-
tiderna är väldigt lika vad gäller aminosyrasammansättning, men det finns 
skillnader såsom att mitokondriella signalpeptider innehåller fler av den 
positivt laddade aminosyran Arginin. Vidare finns strukturella skillnader 
mellan signalpeptiderna och importen till respektive organell anses generellt 
vara mycket specifik.   
 
Förutom enskilda mitokondriella- och kloroplastiska proteiner, finns en 
grupp av proteiner vars adresslapp kan läsas av båda organellerna. Det är 
förvånansvärt hur mitokondrien och kloroplasten selektivt kan skilja på 
varandras proteiner och samtidigt tillåta import av proteiner med dessa tve-
tydiga adresslappar, s.k. dTPs (”dual targeted peptides”).  
 
Mina studier har visat att aminosyrasammansättning i dessa adresslappar 
visar likheter till både mitokondriella och kloroplastiska adresslappar. Vidare 
har vi som första grupp renat fram en tvetydig adresslapp, dTP, (ThrRS-dTP) 
och sett att den hämmar import av ett specifikt mitokondriellt och ett specif-
ikt kloroplastiskt protein, vilket tyder på att proteiner med dTPs använder sig 
av samma receptorer och importkomponenter som de organell-specifika 
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proteinerna. Vi har även renat fram den mitokondriella receptorn Tom20 och 
sett att interaktionen med ThrRS-dTP är dynamisk och verkar involvera sär-
skilda delar av sekvensen. Vi har dessutom renat fram den kloroplastiska 
receptorn Toc34 och utfört studier för att jämföra interaktionen mellan 
ThrRS-dTP och Tom20 med interaktion av ThrRS-dTP till Toc34. I motsats 
till bindning mellan ThrRS-dTP och Tom20, är delar av hela ThrRS-dTP 
sekvensen inblandad i bindning till Toc34, även aminosyror som ligger mot 
slutet av signalpeptiden. Med detta visar vi att olika delar av ThrRS-dTP är 
viktiga för bindning till de olika receptorerna.  
 
När vi förändrar aminosyraordningen i flera dTPs genom att byta ut vissa 
aminosyror till den positivt laddade aminosyran Arginin, förändras import-
kapaciteten till båda organellerna drastiskt; import till kloroplaster minskar 
avsevärt medan import till mitokondrien ökar. Detta tyder på att antalet Ar-
gininer i dTPs har betydelse för hur effektivt proteinerna importeras till re-
spektive organell. 
 
Sammantaget har vi genom olika metoder karakteriserat de dubbeltydiga 
signalpeptiderna, dTPs, och sett att de inte har något utmärkande drag som 
gör att de lätt kan skiljas från mitokondriella eller kloroplastiska signalpep-
tider. Vi visar dock att aminosyrakompositionen är viktig för effektiv och 
specifik import till respektive organell. Vi visar också att dTPs använder sig 
av samma importmaskineri som organell-specifika proteiner men att de 
binder till mitokondrella och kloroplastiska receptorer på olika sätt. Dessa 
studier bidrar till en djupare förståelse av intracellulära proteinsorter-
ingsmekanismer i en växtcell.  
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