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Introduction

The intracellular sorting of newly synthesized proteins relies on 
targeting information encoded in their amino acid sequences. 
Proteins that are translocated as unfolded polypeptides typically 
use N-terminal targeting sequences that can be decoded during 
their synthesis on the ribosome. Well-studied examples for such 
N-terminal targeting sequences are the signal sequences of pro-
teins of the ER (Blobel and Dobberstein, 1975; Schibich et al., 
2016), leader peptides of proteins of the bacterial periplasm 
(Wickner et al., 1978), transit peptides of chloroplast proteins 
(Lubben et al., 1988), and presequences or matrix-targeting se-
quences (MTSs), which direct proteins to mitochondria (Hartl 
et al., 1986; Hurt et al., 1986; von Heijne, 1986a). Receptors on 
the surface of the target compartment recognize these signals 
and pass them on to protein-conducting channels through which 
the precursor proteins are threaded. Finally, processing pepti-
dases remove the targeting sequences, and the mature proteins 
are folded with assistance of chaperones.

Proteins that are transported in a folded conformation 
(such as in the case of nuclear proteins) often use more com-
plex internal signals, which are displayed on the 3D protein 
surface (De Robertis et al., 1978; Lee et al., 2006). These sig-
nals are part of the mature protein structure and are normally 
not removed by proteases.

Mitochondria are comprised of 800–1,500 different 
proteins (Mootha et al., 2003; Sickmann et al., 2003; Rhee 
et al., 2013; Morgenstern et al., 2017). About two thirds of 
these proteins are synthesized as precursors with N-terminal 

presequences that are both necessary and sufficient for their 
import (Wiedemann and Pfanner, 2017). These signals form 
amphipathic helices with one positively charged and one hydro-
phobic surface (von Heijne, 1986a). They are of variable length, 
typically between 8 and 70 amino acids, cleaved by the matrix 
processing peptidase (MPP), and degraded by the presequence 
peptidase PreP (Vögtle et al., 2009; Alikhani et al., 2011; Moss-
mann et al., 2014). Presequences are recognized by Tom20 and 
Tom22, receptors of the translocase of the outer membrane of 
mitochondria (TOM) complex, and are directed into the trans-
location pore formed by the β-barrel protein Tom40 (Rimmer et 
al., 2011; Shiota et al., 2011). The inner membrane translocase 
or TIM23 complex together with the import motor completes 
protein translocation into the matrix (Malhotra et al., 2013; Ba-
nerjee et al., 2015; Ramesh et al., 2016; Backes and Herrmann, 
2017; Schendzielorz et al., 2017). The inner membrane harbors 
a second, independent translocase, the TIM22 complex, that 
inserts hydrophobic carrier proteins into the inner membrane 
(Rehling et al., 2003; Hasson et al., 2010; Wrobel et al., 2013). 
TIM22 substrates lack N-terminal presequences but carry in-
ternal targeting signals that are recognized on the surface of 
the mitochondria by a dedicated TOM receptor called Tom70 
(Sirrenberg et al., 1996). Tom70, such as its paralog Tom71, 
has a tetratricopeptide structure and can, together with cytosolic 
Hsp70 and Hsp90 chaperones, recruit and stabilize its substrate 
proteins on the mitochondrial surface (Young et al., 2003; Fan 

The biogenesis of mitochondria depends on the import of hundreds of preproteins. N-terminal matrix-targeting signals 
(MTSs) direct preproteins to the surface receptors Tom20, Tom22, and Tom70. In this study, we show that many prepro-
teins contain additional internal MTS-like signals (iMTS-Ls) in their mature region that share the characteristic properties 
of presequences. These features allow the in silico prediction of iMTS-Ls. Using Atp1 as model substrate, we show that 
iMTS-Ls mediate the binding to Tom70 and have the potential to target the protein to mitochondria if they are presented 
at its N terminus. The import of preproteins with high iMTS-L content is significantly impaired in the absence of Tom70, 
whereas preproteins with low iMTS-L scores are less dependent on Tom70. We propose a stepping stone model accord-
ing to which the Tom70-mediated interaction with internal binding sites improves the import competence of preproteins 
and increases the efficiency of their translocation into the mitochondrial matrix.

Tom70 enhances mitochondrial preprotein import 
efficiency by binding to internal targeting sequences

Sandra Backes,1* Steffen Hess,1* Felix Boos,1 Michael W. Woellhaf,1 Sabrina Gödel,2 Martin Jung,3 Timo Mühlhaus,2 
and Johannes M. Herrmann1

1Cell Biology and 2Computational Systems Biology, University of Kaiserslautern, Kaiserslautern, Germany
3Medical Biochemistry, Saarland University, Homburg, Germany

© 2018 Backes et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after the 
publication date (see http​://www​.rupress​.org​/terms​/). After six months it is available under 
a Creative Commons License (Attribution–Noncommercial–Share Alike 4.0 International 
license, as described at https​://creativecommons​.org​/licenses​/by​-nc​-sa​/4​.0​/).

*S. Backes and S. Hess contributed equally to this paper.
Correspondence to Johannes M. Herrmann: hannes.herrmann@biologie.uni-kl.
de; Timo Mühlhaus: muehlhaus@bio.uni-kl.de 

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/4/1369/1607446/jcb_201708044.pdf by guest on 08 February 2026

http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.201708044&domain=pdf
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
mailto:
mailto:
mailto:


JCB • Volume 217 • Number 4 • 20181370

et al., 2011; Hoseini et al., 2016; Zanphorlin et al., 2016; Xue 
et al., 2017). Tom70 and Tom20/Tom22 partially overlap in 
their substrate spectrum so that Tom70 is not essential as long 
as Tom20/Tom22 receptors are present (Ramage et al., 1993).

Some recent studies suggest that the mature parts of mito-
chondrial precursor proteins play a critical role in the efficiency 
of the translocation reaction that cannot simply be explained by 
the absence or presence of tightly folded translocation-resist-
ing regions (Yamamoto et al., 2009; Schendzielorz et al., 2017). 
In this study, we show that sequences with MTS-like features 
are not confined to the N termini of mitochondrial proteins but 
are also frequently present in the mature parts of a subset of 
precursor proteins. These internal MTS-like signals (iMTS-Ls) 
show affinity for the Tom70 receptor and increase the efficiency 
of protein translocation. Our study points to a novel as yet un-
known category of mitochondrial import signals that mimic 
the sequence properties of classical mitochondrial targeting se-
quences and which are present in the majority of matrix proteins.

Results

The matrix protein Atp25 has an internal 
presequence-like segment that improves its 
import efficiency
Atp25 is a composite matrix protein that employs three MPP- 
processing sites to generate two mature matrix-localized frag-
ments referred to as the Rsf and M domains (Woellhaf et al., 
2016). Deletion of the internal region in Atp25 that contains 
the two MPP cleavage sites led to the generation of one ma-
tured fusion protein (Fig. 1 A, m). To our knowledge, this was 
a very exceptional organization of a precursor protein because 
only very few tandem proteins were identified thus far: estab-
lished examples are Arg6-Arg7 of Saccharomyces cerevisiae 
(Boonchird et al., 1991) and Rsm22-Cox11, Cox15-Yah1, 
YKR070w-Crd1, and Aco2-Mrpl49 of Schizosaccharomy-
ces pombe (Khalimonchuk et al., 2006). To identify further 
tandem proteins, we screened the mitochondrial proteome of 
yeast for proteins that contain internal sequences that adhere 
to the MPP consensus R(AFLR)(FLY)↓(AKLS)(HQST) (Vög-
tle et al., 2009). We subcloned the coding sequences of these 
proteins (Nam2, Nca2, Hmi1, Kgd1, Mis1, Mrp7, Aim19, and 
Cbp6) as well as those of Atp25 (a tandem protein) and Oxa1 
(a nontandem protein), generated radiolabeled proteins by in 
vitro transcription/translation reactions, and incubated them 
with isolated mitochondria (Fig. 1 B). Most of these precursors 
were imported into mitochondria, but for none of these cases 
did we observe internal cleavage by MPP. Thus, the tandem 
organization of Atp25 and Arg6-Arg7 are presumably rare ex-
ceptions. Obviously, nontandem organization of mitochondrial 
precursor proteins is strongly favored unless, such as in the case 
of Atp25, there is a good reason (Woellhaf et al., 2016) for such 
a composite structure.

To our surprise, we realized that the internal prese-
quence-like structure in Atp25 was not only important for its in-
ternal processing but also for its overall import into mitochondria. 
As obvious from Fig. 1 A, Atp25 was efficiently imported, result-
ing in two strong signals of the Rsf and the M domain, respectively. 
In contrast, the matured species of Atp25ΔMPP2ΔMPP3 that acquired 
a protease-inaccessible location was very faint, indicating that 
this protein was barely imported. Low levels were not caused by 
rapid degradation as the imported Atp25ΔMPP2ΔMPP3 protein was 

stable under the import conditions used (Fig. S1 A). Obviously, 
the internal region in Atp25 that contains the two internal MPP 
cleavage sites contributes to the import competence of the pro-
tein. We showed in a previous study that this internal region has 
the ability to serve as an N-terminal MTS (Woellhaf et al., 2016). 
Thus, the presence of the internal mitochondrial targeting-like se-
quence in Atp25 considerably improved the import efficiency of 
this protein, at least in the in vitro assay used in this study.

iMTS-Ls can be predicted by TargetP
Several established algorithms exist to predict the presence of 
N-terminal MTSs on precursor proteins. Initially, algorithms 
were developed that searched for specific features of targeting 
signals such as helicity, positive charge, amphipathy, or the 
presence or absence of specific amino acid residues (McGeoch, 
1985; von Heijne, 1986b). More recently, neural networks such 
as the TargetP algorithm were trained on sets of proteins of 
known cellular localization to predict the presence or absence 
of MTSs with high confidence (Nakai and Kanehisa, 1992; 
Emanuelsson et al., 2000, 2007; Habib et al., 2007). To iden-
tify potential internal targeting information in proteins, we used 
the TargetP predictive score consecutively for each residue in a 
given protein (Fig. 2 A), leading to a profile reflecting MTS-like 
properties. This approach was able to recognize the iMTS-Ls in 
Atp25 and showed that this stretch of high iMTS-L profile score 
was absent in Atp25ΔMPP2ΔMPP3 (Fig. 2 B).

We wondered whether similar iMTS-Ls are also present 
in other matrix proteins. In some preproteins such as Hsp60, 
the N-terminal MTS is the only segment of the protein with a 
TargetP score >0.3 (Fig. 2 C). However, most matrix proteins 
contained iMTS-Ls in addition to their N-terminal MTS (Table 
S1). As examples, profiles for the mitochondrial proteins Atp1, 
Pim1, Oxa1, and Hmi1 are shown. Hmi1 is an unconventional 
precursor that carries its targeting signal at its C terminus (Lee 
et al., 1999). The profile of the cytosolic protein actin (Fig. 2 C, 
Act1) is shown for comparison. It should be noted that internal 
sequences of high iMTS-L score were also found in several cy-
tosolic proteins and thus, these sequences, unlike N-terminal 
MTSs, were no reliable indication of mitochondrial localization.

Many matrix proteins contain iMTS-Ls in 
their mature part
Next, we analyzed the structural features of the iMTS-Ls in 
more detail. We found that the iMTS-Ls are spread over the 
length of mature regions of mitochondrial proteins (Fig. S1 
B and Table S1). We defined the width of the iMTS-Ls as the 
number of amino acids under a peak of scores higher than a ran-
dom TargetP score. It is a priori not obvious from the nature of 
the TargetP algorithm that this setting captured the correct be-
ginning and end of the relevant signals: Commonly, a high Tar-
getP score is assigned to the first amino acid of an N-terminal 
sequence patch indicating the presence of an MTS. However, 
our current approach can predict the length of MTS as well as 
iMTS-Ls under the TargetP scoring peak. The width showed 
some variation, but most ranged between 20 and 30 residues, 
and thus, the lengths of iMTS-Ls resembled that of N-terminal 
MTSs analyzed by using the same parameters (Fig. 3 A) and 
the experimentally verified length determined by the published 
mitochondrial N proteome (Vögtle et al., 2009). To analyze 
the specific characteristics of iMTS-Ls, we compared different 
features of these sequences with those of the total yeast pro-
teome (Fig. 3 B). We found that iMTS-Ls had low frequencies 

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/4/1369/1607446/jcb_201708044.pdf by guest on 08 February 2026



iMTS-L sequences facilitate mitochondrial import • Backes et al. 1371

of aspartate and glutamate but high frequencies of arginine, 
lysine, and hydroxylated amino acids. They are predominantly 
helical, of amphipathic nature, and show low hydrophobicity 
scores. Thus, they clearly mimic N-terminal presequences, with 
the only obvious difference being that they are not N-terminal.

Next, we generated 10,000 random protein sequences re-
flecting the mitochondrial proteome in length and amino acid 
frequency and calculated their iMTS-L scores. The comparison 
of the iMTS-L scores/profiles of mitochondrial proteins with 
these values allowed us to calculate a measure for each protein 
combining length and scores of the iMTS-Ls in their sequences, 
which we called iMTS-L propensity (Fig. 3 C). These propen-
sities allowed it to compare different proteins by a single pa-
rameter. A list with mitochondrial proteins of particularly high 
or low iMTS-L propensities is shown in Table 1. For instance, 
Atp1 (the F1α subunit of the FoF1 ATPase) had an iMTS-L pro-
pensity of 1.57, whereas Hsp60 had 0.18 (Table S2). There 
was no obvious correlation between the iMTS-L propensities 
of yeast proteins with their lengths (Fig. S1 C). Most proteins 
contain considerably higher iMTS-L scores than randomly 
generated sequences of the same length and amino acid con-
tent. iMTS-L sequences were not only enriched in mitochon-
drial proteins but also in the total yeast proteome (Fig. 3 D), 

suggesting that iMTS-Ls are a structural sequence feature of 
more general distribution. This is also supported by the obser-
vation that the distribution and positions of iMTS-Ls were con-
served not only among mitochondrial homologues of Atp1 and 
Hsp60/GroEL but even in their bacterial counterparts (Fig. 3, 
E and F, orange lines).

iMTS-Ls have the potential to function as 
mitochondrial targeting sequences
The similarity of the properties of iMTS-Ls to canonical mi-
tochondrial presequences inspired us to test whether iMTS-Ls 
can target proteins to mitochondria if placed at the N terminus 
of a protein. To this end, we used Atp1 as a model protein. This 
protein contains several iMTS-Ls, two very prominent ones 
starting with residues 308 and 393 (Fig. 4 A). We generated con-
structs for the cytosolic expression of N-terminally truncated 
versions of Atp1, which either started with an iMTS-L sequence 
(Atp1Δ307 and Atp1Δ392) or with a sequence of low TargetP 
score (Atp1Δ50 and Atp1Δ330) fused to GFP. As shown in 
Fig. 4 B, Atp1-GFP, Atp1Δ307-GFP, and Atp1Δ392-GFP co-
localized with mitochondria, whereas Atp1Δ50-GFP remained 
in the cytosol. For Atp1Δ330-GFP, no expression was detected. 
The iMTS-Ls were obviously sufficient for mitochondrial 

Figure 1.  Atp25 is a rare example for a 
tandem precursor protein in yeast. (A) Atp25 
and Atp25ΔMPP2ΔMPP3 (lacking amino acids 
279–293; Woellhaf et al., 2016) were synthe-
sized in the presence of [35S]methionine and 
incubated with isolated mitochondria for the 
times indicated. Nonimported material was re-
moved by degradation with proteinase K (PK) 
before samples were analyzed by SDS-PAGE 
and autoradiography. Precursor (pre) and the 
M and Rsf domains as well as the N-terminally 
cleaved mature (m) species are indicated. 10% 
of the radiolabeled precursor protein used per 
time point was loaded for control. (B) The 
indicated proteins were radiolabeled and in-
cubated with isolated mitochondria in the pres-
ence or absence of membrane potential (Δψ). 
The samples were split, and one fraction was 
treated with proteinase K. A 20% total (T) of 
the precursor protein used per import reaction 
was loaded for control. Yellow arrowheads de-
pict precursor proteins, red arrowheads indi-
cate N-terminally matured proteins, and green 
arrowheads indicate internally matured pro-
teins. The presequences of Aim19 and Cbp6 
were not cleaved by MPP (Vögtle et al., 2009); 
the imported species of these proteins are in-
dicated by blue arrowheads. No protease- 
protected forms of Nca2 and Hmi1 were ob-
served, indicating that these proteins were not 
imported in our in vitro import system.
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targeting because we observed that fusion proteins consisting 
of 50-residue segments of Atp1 and GFP confirmed the local-
ization that was found with the N-terminally truncated Atp1 
versions (Fig. 4 C). Thus, the iMTS-Ls in Atp1 can efficiently 
target GFP to mitochondria in vivo.

Next, we tested whether these sequences can serve as MTSs 
in vitro. We synthesized Atp1 and its N-terminally truncated 
variants in the presence of [35S]methionine and incubated these 
variants with yeast mitochondria. Atp1 was efficiently imported 
into the mitochondria, where its presequence was cleaved off by 
MPP, resulting in a mature form (Fig. 4 D, m). The N-terminally 
truncated variants of Atp1 were either not imported (Atp1Δ50 
and Atp1Δ330) or imported only with very low efficiency 
(Atp1Δ307 and Atp1Δ392). Even after an incubation of 30 min, 
most of these proteins remained accessible to added protease. 
This shows that iMTS-Ls, when placed to the N terminus, can ef-
ficiently mediate the targeting of proteins to mitochondria. How-
ever, they apparently are not able to drive the complete import of 
proteins into mitochondria, suggesting that they differ in certain 
critical properties. For example, iMTS-Ls might be unable to 
open the protein-conducting channel of the TIM23 complex or to 
activate the import motor, processes which still are poorly under-
stood (Truscott et al., 2001; Okamoto et al., 2002; Chacinska et 
al., 2005; Meinecke et al., 2006; Longen et al., 2014; Ramesh et 
al., 2016; Schendzielorz et al., 2017; Ting et al., 2017).

iMTS-Ls can serve as binding regions for 
TOM receptors
A previous study by Yamamoto et al. (2009) reported that the 
outer membrane receptor Tom70 interacts with the mature parts 
of some mitochondrial precursor proteins. In particular, they 
observed that the import of Atp1 into Δtom70 mitochondria 
occurred only with reduced efficiency and that the cytosolic 
receptor domain of Tom70 helps to prevent the aggregation of 
the Atp1 precursor in vitro. We therefore wondered whether the 
iMTS-Ls in Atp1 might represent binding sites for Tom70.

To test a potential binding of the Atp1 protein to Tom70, 
we incubated radiolabeled Atp1 and Atp1Δ50 with either pu-
rified recombinant GST, Tom70-GST, or Tom20-GST coupled 
with glutathione (GSH) beads (Hoseini et al., 2016). Atp1Δ50 
lacks the N-terminal 50 residues of Atp1, including the 35 resi-
dues of the presequence (Vögtle et al., 2009). Tom20 showed a 
strong preference for the presequence-containing Atp1 precur-
sor (Fig.  5  A), consistent with the well-documented function 
of Tom20 in presequence recognition (Brix et al., 1999; Yama-
moto et al., 2011; Shiota et al., 2015). Interestingly, Tom70 ef-
ficiently bound Atp1 as well as Atp1Δ50, suggesting that the 
presequence of Atp1 is not essential for Tom70 binding. Neither 
Atp1 nor Atp1Δ50 were recovered with GST control beads.

To identify the regions in Atp1 that are recognized 
by Tom70, we used a peptide scan approach that had been 

Figure 2.  The TargetP algorithm can be 
used to predict iMTS-Ls throughout protein se-
quences. (A) The TargetP algorithm is designed 
to calculate prediction scores for N-terminal 
sequences. To calculate scores for internal 
regions, we consecutively N-terminally trun-
cated the sequences and calculated the cor-
responding TargetP scores for each position 
(orange dots), leading to a characteristic 
profile that shows internal regions in proteins 
with presequence-like properties. Profiles are 
smoothed using a Savitzky-Golay filter (blue 
line). (B) Raw TargetP profiles in Atp25 predict 
with accuracy the iMTS of the protein, which 
contains the two internal MPP cleavage sites 
(Woellhaf et al., 2016). In the Atp25ΔMPP2ΔMPP3 
variant, the internal presequence-like region 
was deleted, and hence, the internal region 
with the very high TargetP scores is missing. 
(C) Smoothed TargetP profiles of mitochondrial 
preproteins without (Hsp60) and with (Atp1, 
Pim1, Oxa1, and Hmi1) iMTS-Ls. The TargetP 
profile of the cytosolic protein actin (Act1) 
is shown for comparison.
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successfully used in the past to determine Tom70 binding sites 
in mitochondrial carrier proteins (Brix et al., 1999). Peptides of 
20-amino-acid residues each were covalently bound to a mem-
brane. In total, 176 peptides were synthesized, each shifted by 
three amino acids along the entire 545 residues of the Atp1 
sequence. The membrane was incubated with purified Tom70-
GST. After extensive washing, the bound Tom70 was detected 
by Western blotting (Fig. 5 B). We observed that several regions 
in Atp1 were efficiently bound by Tom70, which very well re-
flected the patterns of the MTS/iMTS-L sequences (Fig. 5 C). 
This suggests that the iMTS-Ls in Atp1, and presumably also in 
other mitochondrial precursor proteins, represent Tom70 bind-
ing regions in these proteins.

The presence or absence of iMTS-L 
sequences in Atp1 and Hsp60 correlates 
with their Tom70 dependence
Next, we tested the relevance of iMTS-Ls for protein import 
reactions in vitro. We produced radiolabeled Atp1 (as a protein 
with iMTS-Ls) and Hsp60 (as a protein without such sequences) 
as well as a mutated version of Atp1 in which its three iMTS-Ls 
were mutated (Atp1mut; Fig. 6, A and B). At least in vitro, this 
Atp1mut version hardly bound to Tom70, whereas Atp1 did 
(Fig.  6  C), supporting the idea that the iMTS-Ls support the 
association of precursor proteins with the Tom70 receptor.

To assess the Tom70 dependence of these proteins, 
Hsp60, Atp1, and Atp1mut were incubated with isolated WT and 

Δtom70/Δtom71 mitochondria for different times before non-
imported protein was degraded (Fig. 6, D and E). Hsp60 was 
efficiently imported into WT and Δtom70/Δtom71 mitochon-
dria. In contrast, efficient import of Atp1 required the presence 
of Tom70/Tom71, consistent with an earlier study that showed 
that Tom70 can prevent the aggregation of Atp1 precursor (Ya-
mamoto et al., 2009). Interestingly, when the iMTS-Ls in Atp1 
were mutated, the import competence of the precursor protein 
was almost completely abolished (Fig.  6 E; compare 10% of 
the total to the protease-inaccessible protein after 15 min of 
import). From this, we conclude that Atp1 requires the outer 
membrane receptor Tom70/Tom71 as well as its iMTS-Ls to be 
efficiently imported into mitochondria.

iMTS-Ls maintain nonimported Atp1 
precursor in an import-competent 
conformation
The reduced efficiency by which Atp1 is imported into Δtom70/
Δtom71 mitochondria suggests a direct role of Tom70 that is me-
diated via interaction with its iMTS-Ls. We used a pulse-chase 
assay that had been developed to study the relevance of Tom70 
binding to precursors bound to the mitochondrial surface (Hines 
and Schatz, 1993). To this end, the mitochondrial membrane 
potential was dissipated by carbonyl cyanide chlorophenyl hy-
drazine (CCCP) before radiolabeled Hsp60 or Atp1 were bound 
to WT or Δtom70/Δtom71 mitochondria. Mitochondria were 
reisolated and reenergized by treatment with DTT, NADH, and 

Figure 3.  Many precursor proteins contain 
iMTS-Ls. (A) Kernel density estimation of the 
length distribution shows the agreement of 
experimentally verified MTS length (blue; 
Vögtle et al., 2009), TargetP-predicted MTS 
(orange), and the length of iMTS-Ls predicted 
by our approach (dotted gray line). (B) Se-
quence property differences between iMTS-Ls 
and the total yeast proteome are shown in 
percent change. (C) The iMTS-L propensity 
profile (blue) for two selected proteins, Atp1 
and Hsp60, is plotted against the smoothed 
TargetP profile (gray). The experimentally ver-
ified end of the MTS (Vögtle et al., 2009) is 
marked (orange dot) and matches the x axis 
intersection of the corresponding iMTS-L pro-
pensity profile. (D) The iMTS-L propensity 
calculated for experimentally verified mito-
chondrial matrix proteins (blue; Vögtle et al., 
2009) shows a clear difference from random 
iMTS-L propensity calculated based on a se-
quence biased by yeast proteome amino acid 
frequency. However, the iMTS-L propensity 
of the total yeast proteome is similar to that 
of mature regions of matrix proteins. (E and 
F) Atp1 and Hsp60/GroEL sequences of 
S. cerevisiae (NP_009453 and NP_013360), 
Kluyveromyces lactis (XP_454248 and 
XP_455510), Candida glabrata (XP_449761 
and XP_448482), S. pombe (CAB11207 and 
NP_592894), Drosophila (NP_726243 and 
NP_511115), Homo sapiens (AAH11384 
and P10809), Arabidopsis thaliana (P92549 
and AEE76842), Chlamydomonas reinhard-
tii (EDP07337 and XP_001691353), E.  coli 
(WP_021537164 and ABF67773), and 
Rickettsia prowazekii (WP_004599658 and 
AMS12509) were aligned. iMTS-L propensity 
scores of mitochondrial and bacterial homo-
logues were calculated and are shown as blue 
and orange traces, respectively.
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ATP (Fig. 7, A–C). Atp1 was efficiently chased into mitochon-
dria only in the presence of Tom70/Tom71 (Fig.  7 B, arrow-
heads), which obviously were crucial to maintain Atp1 import 
competence on the mitochondrial surface. In contrast, Hsp60 
remained largely import competent also in Δtom70/Δtom71 
mitochondria unless it was incubated with nonenergized mito-
chondria for prolonged time (Fig. 7 D).

The Atp1 version in which the iMTS-Ls were mutated 
was not imported in the pulse-chase experiment. Obviously, 
this variant lost its minor import competence during the pre-
incubation completely, irrespective of the presence of Tom70/
Tom71 (Fig. 7, C and E).

To exclude that the pronounced defect of the pulse-chase 
import into Δtom70/Δtom71 mitochondria is caused by pleio-
tropic problems of this mutant, we generated a peptide aldehyde 
dehydrogenase (pALDH) from which it was previously shown 
that it binds to the substrate-binding groove of Tom70 (Melin et 
al., 2015) and which hence competes for Tom70 binding with 

precursor proteins. Addition of excess amounts of this peptide 
to WT mitochondria during preincubation with precursor pro-
teins compromised the import of Atp1 but not that of Hsp60 
(Fig. 7, F and G). This nicely confirmed that Tom70 binding is 
critical to maintaining Atp1 in an import-competent state, for 
which iMTS-Ls are of critical relevance.

Tom70 supports the import of proteins 
with high iMTS-L propensities
Tom70 and its paralog Tom71 are not essential proteins, and 
in most genetic backgrounds, Δtom70/Δtom71 double mu-
tants grow efficiently even under nonfermentative conditions 
(Fig. 8 A). To analyze the relevance of Tom70 in more detail, 
we purified WT and Δtom70/Δtom71 mitochondria, which con-
tained similar levels of Tom20 as well as of the TIM23 subunits 
Tim44, Tim23, and Tim17 (Fig. 8 B). These mitochondria were 
incubated with radiolabeled precursor forms of Atp1, Atp2, 
Atp25, cytochrome b2, cytochrome c1, Kgd1, Mrp7, and Oxa1 
for 2, 5, and 15 min, and the amounts of fully imported pro-
teins were visualized after proteolytic digestion of nonimported 
proteins (Fig. 8 C). The signals of three replicates were quanti-
fied (see Fig. S2 for examples), and the amounts of maximally 
imported proteins were calculated. These amounts differed 
considerably between the different proteins, and there was no 
significant correlation with their respective iMTS-L propensi-
ties (Fig. 8 D). However, when we compared the ratios of the 
maximal imported protein of WT to that of Δtom70/Δtom71 
mitochondria (Fig.  8  E), there was a convincing correlation 
between Tom70 dependence and the iMTS-L propensity. The 
larger the iMTS-L propensities of the precursor proteins tested, 
the more their import was improved by the presence of Tom70/
Tom71. This is consistent with a role of Tom70 in promoting the 
import of mature parts of mitochondrial precursor proteins, pre-
sumably via its interaction with iMTS-L sequences (Fig. 8 F).

Discussion

Protein targeting relies on the specific recognition of precur-
sor proteins by receptors of the destination membrane. Proteins 
of the mitochondrial matrix are characterized by N-terminal 
MTSs, which bind to the Tom20/Tom22 receptor on the mito-
chondrial surface. These N-terminal signals are both necessary 
and sufficient for mitochondrial protein targeting.

In this study, we describe additional as yet unidentified 
iMTS-L sequences that are scattered over the mature part of 
mitochondrial precursor proteins. Previous studies already re-
ported the presence of latent targeting signals in cytosolic pro-
teins (Hurt and Schatz, 1987) as well as in Escherichia coli 
DNA-derived sequences (Baker and Schatz, 1987). In this study, 
we show that iMTS-Ls mimic the structure of presequences in 
respect to their length, amphipathicity, positive charge distri-
bution, and high content of hydroxylated amino acid residues. 
Despite their similarity to MTSs, the iMTS-Ls of Atp1 failed 
to target proteins to the matrix in in vitro import experiments 
even if they were presented N-terminally, and thus apparently 
are not necessarily fully functional presequences. Nevertheless, 
these sequences were able to target GFP fusion proteins to mi-
tochondria in vivo, indicating that they interact with proteins on 
the mitochondrial surface.

We identified Tom70 as an efficient and specific iMTS-L 
binding partner that, potentially in cooperation with the other 

Table 1.  Proteins with the highest or lowest iMTS-L propensity among all 
135 analyzed mitochondrial proteins

Standard name iMTS-L propensity

Mss18 2.48
Qcr2 2.35
Idh2 2.33
Mba1 2.32
Ndi1 1.86
Arg5,6 1.73
Mrs2 1.69
Pkp1 1.67
Mss51 1.65
Cox15 1.57
Mgm101 1.57
Atp1 1.57
Ism1 1.54
Yme2 1.50
Psd1 1.47
Rmd9 1.44
Coq2 1.43
Dss1 1.41
Msy1 1.39
Kgd2 1.39
Fmp16 0.00
Sdh4 0.00
Atp5 0.00
Cox4 0.00
Pdx1 0.00
Atp12 0.00
Atp14 0.00
Cox8 0.00
Cpr3 0.00
Cox5a 0.00
Grx5 0.00
Isu1 0.00
Atp15 0.00
Stf1 0.00
Trx3 0.00
Sod2 0.00
Nfu1 0.00
Atp16 0.00
Inh1 0.08
Ppa2 0.15
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Figure 4.  iMTS-Ls have mitochondrial targeting potential if present at the N terminus. (A) TargetP profile of Atp1. Overview and TargetP scores of 
N-terminally truncated Atp1 variants. (B and C) Fusion proteins of N-terminally truncated Atp1 variants and GFP were expressed in yeast cells. Representa-
tive fluorescence microscopy images of yeast cells show the intracellular distribution of GFP (green) and mitochondria stained with rhodamine B hexylester 
(red). Please note that Atp1-GFP, Atp1Δ307-GFP, and Atp1Δ392-GFP as well as Atp11–50-GFP, Atp1306–358-GFP, and Atp1391–443-GFP colocalize with mito-
chondria, whereas Atp1Δ50-GFP and Atp11–50-GFP are present in the cytosol. Atp1Δ330-GFP and Atp1339–388-GFP failed to be expressed. (D) N-terminally 
truncated variants of Atp1 were synthesized in reticulocyte lysate in the presence of [35S]methionine and incubated for different times with isolated WT mito-
chondria. For the sample labeled with –ψ, the mitochondrial membrane potential was dissipated by the addition of valinomycin. Nonimported protein was 
removed by treatment with proteinase K (PK) before the samples were visualized by SDS-PAGE and autoradiography. 10% of the radiolabeled protein used 
per import lane was shown for control. Atp1 was efficiently imported into mitochondria. Only very minor amounts of Atp1Δ307-GFP and Atp1Δ392-GFP 
were taken up, and Atp1Δ50-GFP was not imported. Atp1Δ330-GFP failed to be synthesized.
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Figure 5.  Tom70 binds to specific regions in 
the mature part of Atp1. (A) The cytosolic re-
ceptor domains of Tom70 and Tom20 were pu-
rified as GST fusion proteins and bound to GSH 
beads. Radiolabeled Atp1 or Atp1Δ50 was 
incubated with the indicated beads for 10 min 
at room temperature. Beads were then pelleted 
by centrifugation, the supernatant fractions 
were discarded, and the pellet fractions were 
analyzed by SDS-PAGE and autoradiogra-
phy. The results were quantified using ImageJ.  
(B) 20-mer peptides shifted by three amino 
acids along the entire 545 residues of the 
Atp1 sequence were covalently bound to a 
membrane and incubated with purified Tom70-
GST as used in A.  After extensive washing, 
the bound Tom70 was detected by Western 
blotting using a specific GST antibody. Circles 
indicate the location of each single peptide 
on the membrane. White circles represent 
the peptides of the N-terminal presequence of 
Atp1 (peptides 1–7) and the iMTS-L sequences 
presented in Fig. 4 A (peptides 95–101 and 
128–132). (C) Binding of Tom70-GST was 
quantified, and the relative intensity of each 
peptide spot was plotted (blue trace). For 
comparison, the profile of Atp1 TargetP scores 
is shown (purple trace).

Figure 6.  The presence of MTS-like sequences 
in the mature part of mitochondrial proteins 
influences the import behavior. (A and B) Tar-
getP probabilities of Hsp60, Atp1, and an 
Atp1mut version of Atp1 in which the iMTS-Ls 
were mutated by replacing positively charged 
residues by negative ones. (C) Radiolabeled 
Atp1 or Atp1mut precursor was incubated with 
empty GSH beads or beads coupled with GST 
or GST-Tom70. Beads were pelleted by cen-
trifugation, extensively washed, and analyzed 
by SDS-PAGE and autoradiography. Lanes la-
beled “10%” show 10% of the radiolabeled 
precursor proteins used per reaction. The 
levels of proteins bound to Tom70 relative to 
those bound to empty beads were quantified 
from three independent experiments. Shown 
are means and SD. (D) The indicated model 
proteins were radiolabeled in reticulocyte 
lysate and incubated for the indicated times 
with WT and Δtom70/Δtom71 mitochondria 
at 25°C.  Mitochondria were incubated with 
100 µg/ml proteinase K for 30 min on ice to 
remove nonimported material and analyzed 
by SDS-PAGE and autoradiography. Lanes la-
beled “10%” show 10% of the radiolabeled 
precursor proteins used per time point. (E) The 
experiments shown in C were repeated three 
times and quantified. Intensities were normal-
ized to the 10% control of the corresponding 
precursor protein. Means and SEM are shown.
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TOM receptors, interacts with these regions during preprotein 
import into mitochondria (Fig. 8 F). The interaction of Tom70 
with the iMTS-Ls is obviously not essential for protein translo-
cation into mitochondria because mutants lacking Tom70 still 
import matrix proteins (Ramage et al., 1993; Gärtner et al., 1995; 
Yamamoto et al., 2009) and because a small number of matrix 
proteins lack iMTS-Ls completely (Tables 1 and S2). It appears 
conceivable that the binding of iMTS-Ls can delay the passage 
of precursors across the outer membrane and hence might be 
counterproductive for the import of proteins that are not prone 
to adopt import-incompetent conformations. Our understanding 
of the interactions of mitochondrial surface receptors with their 
substrates is still incomplete. However, substrate release from 
TOM receptors was reported to be triggered by an interaction of 
the cytosolic domains of Tom70 and Tom20 (Fan et al., 2011).

It was shown that Tom70 improves the import of only 
certain precursor proteins (Yamamoto et al., 2009; Horvath et 
al., 2012). The import of some matrix proteins such as Atp1 
into Tom70-deficient mitochondria was reported to be strongly 
reduced, consistent with what we observed in this study. Inter-
estingly, the mature part but not the presequences was found to 
determine the Tom70 dependence of these preproteins, which 
were proposed to aggregate if Tom70 is absent (Yamamoto et 
al., 2009). Hsp90 and Hsp70 chaperones, which directly interact 
with Tom70, support Tom70 in this process (Young et al., 2003; 
Bhangoo et al., 2007; Li et al., 2009; Fan et al., 2011; Hoseini et 
al., 2016). Tom70 consists primarily of tetratricopeptide repeat 
motifs (Chan et al., 2006; Wu and Sha, 2006), a structure char-
acteristic for many interactors of Hsp70 and Hsp90 proteins. 
Moreover, Δtom70 deletion mutants show strong synthetic neg-
ative growth defects with mutants lacking cytosolic chaperones 
such as the cytosolic J protein Djp1 (Papić et al., 2013). Tom70 

might constitute a platform on the mitochondrial surface that 
interacts with specific precursor proteins and with different cy-
tosolic chaperones. It appears likely that the iMTS-Ls identi-
fied in this study serve as Tom70 binding sites distributed like 
stepping stones in the sequence of precursor proteins, which 
keep precursors unfolded and import competent during their 
translocation into mitochondria (Fig.  8  F). According to this 
hypothesis, the predominant function of iMTS-Ls is not that 
of mitochondrial targeting signals but rather that of unfolding 
signatures in precursor proteins, which facilitate the import of 
potentially aggregation-prone or multidomain precursors. Our 
analysis suggests that iMTS-Ls are not a characteristic feature 
of mitochondrial proteins but rather are distributed generally in 
proteins. It appears likely that Tom70 had evolved to exploit this 
pervasive feature in proteins to prevent premature folding be-
fore import into mitochondria. Cytosolic chaperones and fold-
ing factors such as the recently described ubiquilins (Itakura et 
al., 2016) might support Tom70 in this function.

Because presequences are both necessary and sufficient 
for mitochondrial targeting, the relevance of the mature part 
of proteins was not carefully analyzed thus far. It is well es-
tablished that tightly folded protein domains such as those of 
the methotrexate-bound dihydrofolate reductase domain or 
titin can prevent or slow down protein translocation into mito-
chondria (Wienhues et al., 1991; Gaume et al., 1998; Sato et 
al., 2005; Yagawa et al., 2010). Moreover, it was shown that 
the recognition of mature stretches of precursors by the mito-
chondrial chaperone machinery influences their import effi-
ciency (Okamoto et al., 2002; Schendzielorz et al., 2017). The 
identification of iMTS-Ls in this study is the first approach 
to systematically identify specific biogenesis signals in the 
mature parts of mitochondrial proteins. Interestingly, internal 

Figure 7.  Tom70 is essential to maintain 
the Atp1 precursor in an import-competent 
conformation. (A) Model of the pulse-chase 
assay used in the following experiments. The 
membrane potential of isolated mitochondria 
was dissipated by addition of CCCP. Radio-
labeled precursor proteins were added. After 
incubation of the mitochondria for 10–30 
min, CCCP was quenched by DTT, and the 
mitochondria were reenergized. (B–E) WT or 
Δtom70/71 mitochondria were preincubated 
with CCCP for 10–30 min in the presence 
of radiolabeled Hsp60, Atp1, and Atp1mut 
(pulse). Mitochondria were reisolated and re-
energized by treatment with DTT. After incuba-
tion (chase) for 10 min at 25°C, nonimported 
protein was removed by protease treatment, 
and samples were analyzed by SDS-PAGE 
and autoradiography. C shows means and 
SEM of three replicates. Arrowheads indicate 
the Atp1 protein that only was chased into mi-
tochondria if Tom70/Tom71 were present. (F 
and G) A peptide from the rat pALDH prese-
quence that was shown to work as a compet-
itive inhibitor of the Tom70 receptor (Melin et 
al., 2015) was added to isolated mitochon-
dria to the pulse-chase reaction with Atp1mut, 
Atp1, and Hsp60 precursors. The presence 
of 5 µM pALDH peptide prevented the import 
of Atp1 (red arrowheads).
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Figure 8.  The presence of Tom70 supports the import of precursor proteins with high iMTS-L propensity scores. (A) WT and Δtom70/Δtom71 were grown 
to log phase in galactose medium before tenfold serial dilutions were spotted onto plates containing glucose or glycerol medium. Plates were incubated 
at the indicated temperatures for 2 d. Mutants lacking Tom70 and its paralog Tom71 show growth defects at 37°C. (B) Mitochondria were isolated from 
WT and Δtom70/Δtom71 cells. 20, 40, and 80 µg of mitochondrial proteins were resolved by SDS-PAGE and analyzed by Western blotting. (C) The 
indicated proteins were radiolabeled in reticulocyte lysate and incubated for the indicated times with WT and Δtom70/Δtom71 mitochondria at 25°C. Mi-
tochondria were reisolated, incubated with 100 µg/ml proteinase K for 30 min on ice to remove nonimported material, and analyzed by SDS-PAGE and 
autoradiography. Lanes labeled “20%” show 20% of the radiolabeled precursor proteins used per time point. (D) The import experiments shown in C were 
repeated three times. The signals were quantified and fitted with the Michaelis-Menten equation y = (x + imax)/(x + i50%) from which maximal imported 
amounts imax were deduced (Fig. S2). Absolute amounts of imported proteins and iMTS-L propensities show no significant relatedness (y = 5.051x − 5.399; 
adjusted R2 = 0.23; signal β = 0.125). (E) In contrast, regression analysis revealed a significant relationship between the iMTS-L propensity of a protein 
and its Tom70 relevance (y = 3.821x − 4.048; adjusted R2 = 0.66; signal β = 0.008**), which we define as the protein maximally imported into WT 
mitochondria divided by that of Δtom70/Δtom71 mitochondria. Error bars denote SD. (F) Hypothetical model for the role of iMTS-Ls as stepping stones 
for Tom70 interaction during protein import. Binding of Tom70 to the iMTS-Ls prevents premature folding or aggregation of the precursors and maintains 
their import competence.
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targeting sequences were recently also identified in the mature 
parts of secretory proteins, where they might serve a similar 
purpose (Chatzi et al., 2017). It will be exciting to study their 
specific relevance for the mitochondrial protein import in 
more detail in the future.

Materials and methods

Yeast strains and plasmids
All yeast strains used in this study were based on the WT strain 
W303-1A (Sherman, 1963). The Δtom70/Δtom71 strain, which was a 
gift from D. Rapaport (University of Tübingen, Tübingen, Germany), 
was described previously (Kondo-Okamoto et al., 2008). All strains 
were grown on YP (1% yeast extract and 2% peptone) medium contain-
ing 2% galactose (Altmann et al., 2007). DNA sequences corresponding 
with regions coding for Atp1 or fragments thereof were amplified by 
PCR and cloned into the EcoRI and BamHI sites of a pYX122 vector.

For confocal microscopy, 3  ml yeast culture (OD600 0.8) 
was incubated for 5 min with 30  µl of 10  µM rhodamine B hexy-
lester dissolved in DMSO.

The Atp25-coding region or fragment was amplified by PCR and 
cloned into pGEM4 (Promega) using the EcoRI and HindIII restriction 
sites. For construction of the Atp25ΔMPP2 ΔMPP3 version, the sequence 
encoding for amino acid residues 279–293 were deleted and replaced 
by the restriction sites of XbaI and SalI (Woellhaf et al., 2016).

Import of radiolabeled proteins into isolated mitochondria
Import reactions were essentially performed as described previously 
(Weckbecker et al., 2012) in the following import buffer: 500 mM sor-
bitol, 50 mM Hepes, pH 7.4, 80 mM KCl, 10 mM magnesium acetate, 
and 2 mM KH2PO4. Mitochondria were energized by addition of 2 mM 
ATP and 2  mM NADH before radiolabeled precursor proteins were 
added. To dissipate the membrane potential, a mixture of 1 µg/ml vali-
nomycin, 8.8 µg/ml antimycin, and 17 µg/ml oligomycin was added to 
the mitochondria. Precursor proteins were incubated with mitochondria 
for different times at 25°C before nonimported protein was degraded by 
addition of 100 µg/ml proteinase K.

CCCP chase experiment
Isolated mitochondria were preincubated in import buffer containing 
50 µM CCCP for 5 min at 25°C. Radiolabeled precursor proteins were 
added. After incubation for 10–30 min at 25°C, mitochondria were 
reisolated by centrifugation for 10 min at 30,000 g. Pellets were re-
suspended in import buffer containing 6% fatty acid–free BSA and 
5 mM DTT. 2 mM ATP and 2 mM NADH were added to energize the 
mitochondria. After incubation for 10 min at 25°C, mitochondria were 
treated with proteinase K to remove nonimported material.

Protein purification of Tom70-GST, Tom20-GST, and GST
E.  coli cells harboring the pGEX4T1 GST-Tom20 cytosolic domain, 
pGEX4T1 GST-Tom70 cytosolic domain, or pGEX4T1-GST plasmid 
(Hoseini et al., 2016) were grown to an OD600 of 0.8 at 37°C, and 0.5 mM 
IPTG was added. After incubation for 16 h, 50 ml of the culture was 
harvested. The cells were resuspended in lysis buffer (50 mM Tris-HCl, 
pH 7.4, 100 mM NaCl, 0.1% NP-40, and 1 mM β-mercaptoethanol) 
and incubated with 1 mg/ml lysozyme for 30 min at room temperature. 
After one step of freeze thawing and 15 cycles of sonification for 1 s at 
60% duty level, the lysate was cleared at 25,000 g for 5 min at 4°C. The 
supernatant was incubated with GSH Sepharose 4B beads (GE Health-
care) and washed 3× with PBS. Bound GST fusion proteins were eluted 
by incubation with elution buffer (50 mM Tris-HCl, pH 8.0, 25 mM 

GSH, and 1 mM DTT) for 30 min at 4°C. Purification efficiency was 
analyzed by SDS-PAGE and Coomassie brilliant blue staining.

Binding assay
N-terminally GST-tagged cytosolic domains of Tom20 or Tom70 were 
expressed in E. coli cells and purified with GSH beads. 15 µl of the 
GSH Sepharose with bound GST-tagged proteins or GST alone were 
washed two times with 200 µl import buffer. 200 µl import buffer con-
taining 0.5 µl radiolabeled Atp1, Atp1Δ50, or Atp1mut was subsequently 
added to the GSH Sepharose and incubated 10 min on an end-over-end 
rotator at room temperature. The Sepharose was pelleted by centrif-
ugation, washed with import buffer, and boiled in 25 µl sample buf-
fer containing 50 mM DTT.

Dot blot assay
Peptides of Atp1 with a length of 20 amino acids each were synthesized 
on a cellulose membrane as described previously (Weckbecker et al., 
2012). The amino acid frame was shifted by three amino acids from one 
spot to the next. The peptide spots covered the whole amino acid se-
quence of Atp1. The membrane was incubated with methanol for 2 min 
at room temperature, subsequently washed 2 min with H2O, and equili-
brated in binding buffer (20 mM Tris-HCl, pH 7.0, and 200 mM NaCl) 
for 20 min. After this, the membrane was incubated for 3 h with 0.5 µM 
of recombinantly purified GST-Tom70 dissolved in binding buffer. The 
membrane was washed twice for 10 min with binding buffer and twice 
with TBS (10 mM Tris-HCl, pH 7.4, and 150 mM NaCl) and then was 
subjected to immunoblotting against GST.

iMTS-L profile generation
Suffix sequences of the given protein were subjected to TargetP predic-
tion (TargetP 1.1 standalone software package; DTU Bioinformatics) 
in standard FastA format. The resulting mitochondrial targeting peptide 
probability of the suffix sequence was used as positional information 
and concatenated to generate the raw iMTS-L scoring sequence. A Sav-
itzky–Golay filtering step with the successive subsets of adjacent data 
points was applied. A window size of the expected value of the length 
distribution of known MTSs and a quadratic polynomial was used to 
smooth the raw profile into the iMTS-L probability profile ​​P​ i​ iMTS−L​​, 
where i is the position in the amino acid sequence.

iMTS-L propensity calculation
The ​​P​ i​ iMTS−L​​ score was normalized to allow the comparison between 
amino acid sequences of different lengths. The normalization uses ex-
pected value µiMTS-L and SD σiMTS-L were calculated over random se-
quences (with n = 5,000) using the amino acid frequencies of the whole 
yeast proteome as follows:

	​ P ​‘​ i​ iMTS−L​  = ​ 
​P​ i​ iMTS−L​ − ​µ​​ iMTS−L​  

  ____________ ​σ​​ iMTS−L​ ​ .​

From the ​P ​‘​ i​ iMTS−L​​score, it was possible to define an overall iMTS-L 
propensity by summing over all the amino acids of a sequence that 
had an iMTS-L score higher than those of random sequences (i.e., 
those positions i where ​P ​‘​ i​ iMTS−L​  ≥  0​), excluding the MTS at sequence 
start, by using the equation

	​​ ∑ i>MTS​ ​​ max​(P ​‘​ i​  iMTS−L​, 0)​.​

Analysis and sequence property calculation
The iMTS-Ls of a given sequence were detected by searching for 
regions of positive ​P ​‘​ i​ iMTS−L​   ​that were flanked by zero or negative 
regions. Afterward, the sequence properties were independently 
deduced from two sets of amino acid sequences containing all identified 
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iMTSs and all yeast proteins. A composition vector for each set was 
generated and multiplied by the helicity index (Koehl and Levitt, 
1999), amphiphilicity index (Cornette et al., 1987), coil index (Ptitsyn 
and Finkelstein, 1983), β sheet propensity (Crawford et al., 1973), 
and hydrophibicity index (Fasman, 1989). Analyses and calculations 
were performed using Microsoft F# functional programming language 
with the bioinformatics library BioFSharp (available on GitHub 
at https​://github​.com​/CSBiology​/BioFSharp) and the graphical 
library FSharp.Plotly (available on GitHub at https​://github​.com​/
muehlhaus​/FSharp​.Plotly).

Online supplemental material
The supplemental material provides additional information on the dis-
tribution of iMTS-L scores in proteins (Fig. S1) and the import kinetics 
corresponding with Fig. 8 (Fig. S2) as well as lists of iMTS-L propen-
sities for mitochondrial proteins in S. cerevisiae (Tables S1 and S2).
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