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Abstract - Tail anchored (TA) proteins constitute
a diverse group of proteins that share a distinct
way of anchoring to biological membranes. Due
to their topology TA proteins are obliged to use a
post-translational mode of insertion. Since the
discovery of TA proteins several research groups
have tried to characterize the different targeting
mechanisms that these proteins use. Until now
several factors have been identified ranging from
physicochemical properties of the
transmembrane domain (TMD), to cytosolic
chaperones that guide TA proteins to their
correct membranes. Since TA proteins are
located to several different locations within the
cell, there is not a single pathway that is used by
all TA proteins. Different locations use different
mechanisms. This paper will give an overview of
the targeting mechanisms, that have been
identified so far, to the endoplasmic reticulum
(ER), the mitochondrial outer membrane
(MOM) and peroxisomes.

I. INTRODUCTION

Tail anchored (TA) proteins are a diverse group of
membrane proteins, in eukaryotes, that share a
distinct way of anchoring to biological membranes.
TA proteins are characterized by a single
transmembrane domain (TMD), close to the C-
terminus, and a N-terminal functional domain. They
are involved in a variety of cellular processes and
can be found in essentially all membranes that are
in contact with the cytosol. There are several
membrane bound compartments facing the cytosol
in eukaryotic cells and/so it is important that

organellar proteins, such as TA proteins, are
transported to the right membranes. Mislocalization
of proteins can be detrimental for cell organelles. So
protein targeting seems to be an essential feature of
eukaryotic cells to ensure proper cellular
organization. (Borgese et al., 2003; Opalinski et al.,
2014)

So how do proteins reach their destination within
the cell? The signal hypothesis provided an answer
to this question. It was first hypothesized and
demonstrated, by Blobel and Sabatini, for secretory
and membrane proteins targeted to the ER. The
signal hypothesis is based on the concept that
information about the location and translocation is
contained within the sequence of a protein. This
signal sequence can be a permanent part of the
protein, or a short-lived sequence that is removed
when the protein has reached its destination.
Besides the signal sequence there are several
cytosolic and membrane bound factors that cause
proteins to reach a specific destination within the
cell. There are membrane bound receptors that are
located on distinct cellular membranes and different
cytosolic factors that are required to guide the
proteins to their target membranes. One earliest and
most well defined pathway is the sec61 pathway.
The sec61 pathway is responsible for directing
proteins to the ER; they can either remain in the ER
or use the ER as an intermediate to reach other
destinations within the cell. In this pathway the
signal recognition particle (SRP) recognizes a
hydrophobic signal sequence that is available at
the ribosome precursor complex. When SRP
binds to the hydrophobic signal sequence it
slows down translation of the protein and
interacts with the SRP receptor on the ER
membrane. After the interaction with the SRP
receptor the ribosome binds to the Sec61



translocon, which promotes elongation and
integration of the protein into the ER. (Grudnik
etal., 2009)

After the signal hypothesis was demonstrated
to be true for ER targeted proteins, the signal
hypothesis was shown to be true for proteins
that were directed to other locations within the
cell. The concept of signal-mediated targeting
became the general theory that explains how
proteins are brought to their correct location in
(Matline, 2011)

There are different modes of translocation: co-
translational and post-translational. Proteins that use
the sec6l pathway are translocated co-
translationally. They are synthesised as precursors
on cytosolic ribosomes. Protein machineries
recognize the precursor-ribosome complex and
promote their translocation into the target organelle.
However, this mechanism only works if the signal
sequence is available before the protein is released
from the ribosome. (Blobel et al., 1978; Borgese et
al., 2003)

Thus, TA proteins cannot insert co-translationally
since their signal sequence is located near the C-
terminus of the protein (Fig. 1). Therefore TA
proteins can only be translocated after translation is
terminated. The targeting mechanisms for co-
translational translocation are well defined, but this
is not the case for TA protein targeting. TA proteins
have recently become an interesting research topic
due to their variety of functions and locations within
the cell (Table 1). An important question in this
research is how TA proteins are transported from
the cytosol to their target membranes. (Borgese et
al., 2007; Buentzel et al., 2015)

Although TA proteins can be found in virtually
all membranes in the cell, they cannot insert directly
into all membranes. They can only insert into a
limited number of membranes, other destinations
have to be reached indirectly by first inserting into
the ER and membrane trafficking. Targets for direct
insertion of TA proteins are: the mitochondrial
outer membrane (MOM), the chloroplast envelope,
the endoplasmic reticulum (ER) and peroxisomes.
(Borgese, 2011) TA proteins cannot be inserted
directly into membranes of other organelles in the
secretory pathway. This is attributed to the
requirement of a certain lipid composition for direct
insertion of TA proteins. (Beilharz et al., 2003)

Due to their distinct topology TA proteins cannot
use conventional targeting mechanisms to reach
their destination in the cell. Since the discovery of
TA proteins their targeting mechanisms have been a
topic of interest. In recent years a lot of progress has
been made in finding TA protein targeting
mechanisms. Some important findings are organelle
specific signal sequences and the presence of
cytosolic chaperones to mediate TA protein
insertion. This paper will give an overview of the
available knowledge about TA protein targeting
mechanisms. So far only a couple of organelles
have been identified that are capable of direct
insertion of TA proteins. Namely: the MOM, ER,
chloroplast outer envelope and peroxisomes. The
scope of this paper is limited to yeast and
mammalian TA proteins. So only the mechanisms
that are used to direct TA proteins to the MOM, ER
and peroxisomes will be discussed.
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Figure 1. Membrane insertion of TA proteins happens
post-translationally. This figure shows why TA-proteins
cannot insert into membranes co-translationally. In
contrast to type two proteins, the signal sequence will only
become available after the protein is released from the
ribosome. In classical type two proteins (defined as
proteins with a single TMD with a cytosol facing N-
terminal and exoplasmic C-terminal which are delivered to
the ER in a SRP dependent co-translational pathway) the
signal sequence will be recognized by SRP during
translation and will be guided to the target membrane for
insertion. Source: Borgese et al., 2003
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Target membrane TA protein Function Notes
ER Sec61p Protein translocation
Ramp4 Protein translocation

Synaptobrevin-2

Sed5

Cyt b5

Small TOM proteins
OMb5

VAMP-1B

OMM

Bcl-XL, Bak

A. thaliana cyt b5 isoform At1g26340
Outer Envelope Membrane Protein 9
Toc 33, 34

Peroxisomes Pex26

Dual targeting: ER and OMM Bcl-2

Dual targeting: OMM and peroxisomes Fis1

COE

SNARE required for synaptic
vesicle exocytosis

Also known as VAMP (Vesicle Associated
Membrane Protein)-2. Transported down the
secretory pathway from the ER to synaptic
vesicles in neuronal cells

Golgi SNARE (Yeast orthologue Transported from the ER to the Golgi complex
of mammalian syntaxin 5)
Lipid metabolism in the ER
Protein translocation
Enzymatic

SNARE of unknown function

Mitochondrial isoform of cyt b5
Splicing variant of ER-targeted isoform (VAMP,
or synaptobrevin-1A)
Regulation of apoptosis

Enzymatic

Unknown

Protein translocation

Peroxisome biogenesis

Regulation of apoptosis

Mitochondrial and

peroxisomal fission

Table 1. Different functions and localizations of TA-proteins. Source: Borgese et al., 2011
Abbreviations: OMM Outer mitochondrial membrane, COE chloroplast outer envelope, ER Endoplasmic reticulum

II. TARGETING OF TA PROTEINS TO THE ER

After the discovery of TA proteins and their
distinct way of translocation, the question arose
whether they wuse the same targeting
mechanisms as other membrane proteins. As
mentioned earlier, TA proteins can insert
directly into several target membranes. The
information about which membrane they have to
be inserted into is contained in the C- terminal
region of the protein. This was discovered by
deletion mutagenesis and by fusing fluorescent
tags to N-terminus of TA proteins.(Kim et al,,
2009; Kim et al,, 2015; Hawthorne et al., 2016)
The tail segment of TA proteins consists of a
single TMD and a short luminal domain. The
hydrophobicity of the TMD and the charge of the
flanking residues play a crucial role in
determining between the ER and the MOM.
(Abell et al., 2007;Beilharz et al., 2003; Borgese
etal., 2003)

The ER is an important target for TA proteins.
There are TA proteins that remain in the ER, but
there the ER is also the starting point for many
TA proteins that are destined for other
organelles in the cell. They are first inserted into
the ER before they are transported via the
secretory pathway to their final destination. So
many TA proteins contain a signal sequence that
will direct them to the ER.

The tail segment of ER directed TA proteins
generally contain a TMD with moderate
hydrophobicity. The hydrophobicity of the TMD
is also important for the mode of insertion. Some
ER directed TA proteins could insert into the ER
unassisted. For example Cytochrome b5 (Cytb5)
can insert without needing any cytosoloc or
membrane bound factors. This was shown in
vitro where cytb5 could translocate into pure
lipid vesicles without any assistance. (Kim et al.,
1997) It was shown that this unassisted
translocation was due to the low hydrophobicity
of the TMD. When the hydrophobicity cytb5’s
TMD was increased it lost the ability of
unassisted insertion. Mixing the residue order of
the TMD did not affect this, so the TMD
hydrophobicity is solely responsible. This
unassisted pathway is not available to all ER
targeted TA proteins. (Brambillisca et al., 2006)
Brambillasca et al. hypothesized that molecular
chaperones prevent TA proteins with more
hydrophobic TMD’s from aggregating. They
suspect that the mechanism of insertion remains
the same. (Brambillasca et al., 2006)

Besides preventing aggregation chaperones
can also create more specificity through unique
interactions with distinct membrane bound
receptors. Although the hydrophobicity of the
TMD provides us with some information about
where a TA protein goes, it is not sufficient to
determine the exact location. In general ER
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proteins got a moderately hydrophobic TMD, but
the range of hydrophobic TMD’s that the ER
accepts is quite large. It also overlaps with TA
proteins for other organelles. There are TA
proteins that are targeted to the MOM that have
comparable TMD hydrophobicity to ER targeted
proteins. (Beilharz et al., 2003; Abell et al., 2007)
So other factors, like chaperones, are necessary
to account for further targeting specificity.

Chaperones recognize a specific sequence in the
protein. They can bind this sequence and than
escort the protein to the target membrane. Once
they are there the chaperone-protein complex
can interact with a membrane bound receptor,
which promotes release from the chaperone and
integration into the membrane. (Abell et al,

2007)

As mentioned in the introduction, most ER
proteins translocate into the ER post-
tranlationally wusing the sec61 translocon.

However, TA proteins can insert into the ER
without the assistance of the sec61translocon.
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Figure 2. Overview of the
Get pathway in yeast.
Newly synthesized TA
proteins are captured by the
pretargeting complex
(Get4/Get5/Sgt2). The TA
proteins are transferred to
Get3, which shuttles it to
the membrane  bound
Getl/Get2 complex. The
Getl/Get2 complex
mediates insertion into the
ER membrane. Source:
Denic et al., 2013
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There are studies that suggest that SRP still has a
function in trafficking TA proteins to their right
membrane.(Abell et al.,, 2007)

But TA proteins can still translocate in the ER in
absence of SRP. (Steel et al., 2002) When SRP
delivers its protein to the ER it binds with the
SRP receptor. In order to release the polypeptide
and promote its integration into the ER GTP is
needed. However experiments have shown that
most TA proteins can target the ER in a GTP
independent and ATP dependent manner. Up to
know several chaperones have been identified
that interact with ER targeted TA proteins. Abell
et al. have shown that Hsc70 and Hsp40 are
sufficient ATP dependent integration of
sec6lbeta, a TA protein that resides in the ER.
Another central player in the ATP dependent
insertion of TA proteins into the ER is the GET
complex. Removal of some of the key proteins of
the Get complex leads to a range of defects
associated with mislocalization of TA proteins.
(Shuldiner et al.,, 2008)



Protein

Role in pathway

S. cerevisiae Mammals

Get3 TRC40 ATPase that binds the transmembrane domain and delivers TA substrates to the ER membrane.

Getl Tryptophan Rich Basic Protein (WRB) Transmembrane protein of the ER. In Saccharomyces the Get1/2 complex constitutes the Get3
Receptor; a similar role for the mammalian homologue has not been demonstrated.

Get2 - Transmembrane protein of the ER. In Saccharomyces the Get1/2 complex constitutes the
Get3 Receptor.

Get4 Conserved Edge expressed protein (cee)/TRC35 Get4/5 complex is thought to deliver TA proteins from the ribosome to Get3.
In mammals, it is associated with a third component, Bat3.

Get5/Mdy2  Ubl4A Ubl domain containing protein. Get4/5 complex is thought to deliver TA proteins from the ribosome
to Get3. In mammals, it is associated with a third component, Bat3.

- Bat3 Ubiquitin-like and BAG domain containing protein. Acts upstream to TRC40.

Sgt2 SGTA Tetratricopeptide repeat peptide-containing protein that interacts with Get4/5. Precise role in TA

protein biogenesis not understood.

Table 2. Proteins involved in the Get pathway, in yeast, and their counterparts in the TRC40 pathway, in

mammalian cells. Source: Borgese et al, 2011

Cross-linking experiments also showed that ER
targeted TA proteins interact with Get3, a
cytosolic protein in the Get pathway. The Get
pathway starts with a newly synthesized TA
protein. A pretargeting complex (consisting of
Sgt2, Get4 and Get5) recognizes the TMD.
Besides capturing the protein it also shields the
TMD from the aqueous environment, which
prevents aggregation. Get3 binds the TA protein
and acts like a shuttle before interacting with the
membrane bound Get1/Get2 complex.

(Fig2) (Abell et al, 2007; Denic et al, 2013;
Schuldiner et al.,, 2008)

How the TA protein inserts into the membrane

is still unclear, but during their interaction the
TA protein is released from Get3 and inserts into
the bilayer. That the Get complex mediates
insertion of TA proteins into the ER has been
discovered in yeasts. These Get proteins are not
found in mammalian cells, but they have their
counterparts that fulfil the same functions.
TRC40 has been identified as a structural and
functional homologue of Get3 in mammalian
cells. (Stefanovic & Hegde, 2007)
The receptor Getl also has a counterpart in
mammalian cells. WRB has been shown contain
sequence and functional similarities with Getl.
Table2 gives an overview of the proteins
involved in the Get pathway and their
counterparts in mammalian cells. (Denic et al.
2013; Vilardi et al,, 2011; Voth et al,, 2014)

The ER can be the final destination for TA
proteins, but there are also many TA proteins
that have to be transported further down the

secretory pathway or have to be localized on a
specific place in the ER membrane. The
moderate hydrophobicity of the TMD appears to
be enough to ensure insertion into the ER, but
what determines where they go after that.
Beilharz et al. showed that further localization
within the ER mebrane or to other organelles
happens through a second signal sequence
located in the cytosolic segment of ER TA
proteins. There is a two-step mechanism to
ensure correct targeting for ER TA proteins. The
first step is the TMD, which promotes insertion
into the ER. The second step determines where
the protein goes once it is inserted into the ER.
PRM3, a TA protein that is localized in the
nuclear envelope, is first inserted into the ER.
After insertion into the ER a short sequence on
the cytosolic domain, the nuclear localization
sequence NLS, is recognized by RAN, which
promotes localization in the nuclear envelope.
To see if this was the only requirement for
localization in the nuclear envelop, they removed
the TMD and made PRM3 a cytosolic protein.
This cytosolic protein was also localized in the
nuclear envelope. (Beilharz et al., 2003)

III. TARGETING OF TA PROTEINS TO THE MOM

Another important destination for TA proteins,
which cannot be reached through the ER, is the
MOM. In contrast to ER proteins, most
mitochondrial proteins are translocated post-
translationally. Most proteins that are targeted
to the MOM do not have a cleavable N- terminal



signal sequence, but an internal uncleavable
signal sequence. @The TOM machinery
(translocase of the outer membrane) is thought
to be responsible for integrating virtually all
MOM targeted proteins. (Ahting et al, 2005)
However, MOM targeted TA proteins can insert
into the MOM without the assistance of the TOM
machinery. In cells depleted of components of
the TOM machinery TA proteins were shown to
still insert correctly into the MOM. (Setoguchi et
al,, 2006) Just like ER targeted TA proteins, MOM
targeted TA proteins share a signal sequence in
their tail segment. Besides a moderately
hydrophobic TMD, MOM TA proteins also have
TMD flanking residues that are rich in basic
amino acids. By fusing GFP with the tail segment
of MOM targeted TA proteins it was discovered
that this was sufficient to ensure targeting of the
MOM. (Nechustan et al.,, 1999; Setoguchi et al,,
2006) Even in absence of any cytosolic factors
these fused GFP-TA proteins were still able to
insert correctly into the MOM. However some
MOM TA proteins still depent on other cytosolic
factors to integrate into the ER. But these factors
are not common for all MOM TA proteins and are
protein specificc. When MOM TA proteins are
over expressed they compete with each other to
be integrated into the MOM, indicating that they
share a common pathway. (Horie et al,, 2002;
Setoguchi et al, 2006) Since they share a
common pathway the function of chaperones are
attributed to proper folding and making the TMD
available of specific proteins. It is still uncertain
if MOM TA proteins share a membrane bound
component that recognizes MOM TMD’s and
mediate integration into the membrane.
However the TOM machinery is not responsible
for the integration of MOM TA proteins. (Egan et
al,, 1999; Setoguchi et al., 2006)

IV. TARGETING OF TA PROTEINS TO PEROXISOMES

Besides the MOM and the ER, peroxisomes are
also an important target for TA proteins. The tail
segments of peroxisomal TA proteins have
comparable physicochemical properties as MOM
targeted TA proteins. This could explain why
some peroxisomal TA proteins can be found in
the MOM when they are mislocalized. There are

mechanisms in place that remove mislocalized
peroxisomal TA proteins from the MOM.
However, it is very unlikely that MOM and
peroxisomal TA proteins do not discriminate
between the MOM and the ER and their
localization only depends on removal from a
wrongly targeted organelle. And indeed this does
not appear to be the case. There are distinct
targeting pathways for peroxisomal TA proteins
that ensure their correct targeting to
peroxisomes. In the next chapter there will be an
overview of the current knowledge about
targeting mechanisms for peroxisomal TA
proteins. As model proteins Pex15 and Pex26
will be used. These proteins are both responsible
for the recruitment of AAA peroxins to the
peroxisomal membrane, but Pex15 is present in
yeasts and Pex26 in mammals. Despite their
similar function they are not homologs and both
use a different targeting mechanism to reach
peroxisomes. (Borgese et al., 2011; Halbach et al,,
2006; Zand et al., 2010)

Peroxisomal TA proteins can reach their
destination through a variety of different routes.
Some of these routes are indirect and go through
the ER, but there is also evidence that
peroxisomal TA proteins can be targeted directly
from the cytosol. All these routes rely on
chaperones and other import machineries,
unassisted insertion of peroxisomal TA proteins
has not been reported yet. So far two import
routes for peroxisomal TA proteins have been
identified. Pex15 was shown to initially target
the ER using the Get pathway. After insertion
into the ER it reaches the peroxisomes through
membrane traffic. Get3 recognizes the tail
segment of Pex15 and guides it to the ER.
(Shuldiner et al.,, 2008)

This is also supported by the fact that Pex15 is
mislocalized in mitochondria in yeast strains
that lack a functional Get pathway. Although
Pex26 has a similar function as Pex15, uses a
more direct route to reach peroxisomes than
Pex15. After translation Pex26 is recognized and
bound by Pex19 in the cytosol. Pex19 can than be
recognized by Pex3, a peroxisomal membrane
protein, which mediates insertion into the
peroxisomal membrane. (Abell et al, 2007;
Buentzel et al., 2015) The targeting information



for both Pex15 and Pex26 is contained in their C
terminal region. The Get3 binding site alone in
Pex15 cannot be held accountable for the
targeting to peroxisomes, since this binding site
is also present in other TA proteins going
through the ER. Besides the binding site for Get3
there are also two Pex19 binding sites in Pex15.
One overlapping the TMD and one in the luminal
segment of the tail. These binding sites are also
present in Pex26. When Pex26 is expressed in
yeast it follows the Get pathway just like Pex15.
This shows that the signal sequence is conserved
between mammals and yeasts and that the mode
of transport depends on the chaperones
available in a certain organism. (Buentzel et al,,
2015; Chen etal., 2014)

Pex19 has a chaperone function in the direct
insertion of Pex26 into peroxisomes. However,
correct targeting of Pex15 is also dependent on
Pex19. In Pex19 depleted yeast strains Pex15
remains in the ER. So Pex19 has a role in
targeting Pex15 after it went through the Get
pathway. This is in line with the idea that TA
proteins that go through the ER rely on a two
stage targeting signal. The first signal directs
them to the ER and the second causes
localization to the target membrane. The
function of Pex19 in this process is not that of a
protein chaperone anymore, since Pex15 is
already integrated into a membrane. Instead
Pex19 is implicated as a sorting receptor for the
formation of pre-peroxisomal vesicles on the ER.
Pex19 and Pex3 are both required for budding
pre-peroxisomal vesicles from the ER in yeast. It
was recently discovered that Pex19 and Pex3
also play an important role in budding of
peroxisomal protein containing vesicles from the
ER. (Agrawel et al., 2016; Lam et al., 2010)

This was shown for ring-domain and docking
complex proteins destined for peroxisomes. This
has not been shown for Pex15 yet, but it does
confirm the hypothesis that Pex19 could be
important for vesicular transport of Pex15 from
the ER. (Agrawel et al,, 2016; Chen et al. 2014)
As mentioned earlier Pex15 and Pex26 both
contain two binding domains for Pex19. It is
already established that Pex19 works as a
chaperone that guides Pex26 to Pex3 on
peroxisomes. One of the binding sites overlaps

with the TMD and one is contained in the luminal
domain. For Pex26 this luminal domain appears
to be sufficient for targeting to peroxisomes.
Pex15 shows a conserved targeting sequence
and also contains a Pex19 binding site in the
luminal domain. When this binding site is fused
to Fisl (a mitochondrial TA protein) it will
redirect Fis1 to peroxisomes. The TMD alone is
thought to be the ER targeting signal for Pex15.
And the Pex19 binding site on the luminal
domain contains targeting information for
peroxisomes. (Chen et al, 2014; Yagita et al,
2013) These findings confirm that the signal
sequence of Pex15 and Pex26 is conserved and
explains why Pex15 uses the same route as
Pex26 when it is expressed in mammalian cells.
Nonetheless it seems unlikely that these binding
sides also function in normal Pex15 transport
through the Get pathway. The two binding sites
of Pex15 overlap with the TMD and the luminal
domain. So once Pex15 is inserted into the ER
they should not be available anymore for
cytosolic chaperones. To see if Pex19 binds to
Pex15 before it enters the ER and opsin tag was
attached to the luminal domain of Pex15. Once
the luminal domain is correctly integrated into
the ER this tag will get glycosylated. In both wt
and Pex19 deletion strains there was no
significant difference in the amount of
glycosylated Pex15. This indicates that Pex19
has no significant function before Pex15 is
inserted into the ER. (Borgese et al,, 2011; Yagita
etal,, 2013)

The direct and indirect pathways above
describe the major targeting routes for TA
proteins in mammalian cells and yeast
respectively. It appears that there are several
mechanisms in place for the transport of
peroxisomal TA proteins and that they are not
mutually exclusive. When one route is
compromised the other one can take over. For
example when Get3 is removed a small portion
of Pex15 can still be targeted to peroxisomes
through a Pex19/Pex3 dependent pathway. The
possibility of multiple targeting routes for
peroxisomal TA proteins makes it difficult to
determine which route is responsible. This could
also explain the conflicting views on how
peroxisomal TA proteins are transported.
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Figure 3. Model of peroxisomal TA protein targeting.
This figure shows the different pathways peroxisomal
TA proteins can use to reach the peroxisome.
Peroxisomal TA proteins will be inserted directly into
the ribosome when they bind Pex19 directly after
release form the ribosome. When they bind
Get3/TRCA40 they will follow an indirect route through
the ER. Pex19 has an essential role in both pathways. In
the direct pathway it functions as a cytosolic chaperone.
In the indirect pathway Pex19 is required to ensure
budding from the ER. Source: Buentzel et al., 2015

V. CONCLUSION AND DISCUSSION

In recent years a lot of progress has been booked
in uncovering targeting mechanisms for TA
proteins. In vitro studies have shown that some
TA proteins can insert unassisted into bilayers.
(Kim et al, 1997) So to prevent opportunistic
insertion into the wrong membrane, there have
to be organelle specific targeting mechanisms
that ensure insertion into the right membrane.
So far several distinct targeting pathways have
been identified. It was soon discovered that the
tail segment played an essential role as a signal
sequence. The hydrophobicity of the TMD and
the charge of the flanking residues have been
identified as critical determinants in TA protein
targeting. The tail segment can account for some
specificity, but the differences in the tail segment

between differently located TA proteins can
sometimes be quite minor. Another important
contribution to targeting specificity is achieved
by cytosolic chaperones.

For ER TA proteins several chaperones have
been identified such as Hsc70, Hsp40, Get3 and
SRP in some cases. Get3 is the cytosolic
chaperone in the Get pathway. The Get pathway
is one of the major routes for TA proteins in
yeast. Mammalian cells also have a similar
pathway with TRC40 as molecular chaperone.
Some TA proteins remain in the ER, but the ER is
also a gateway for other organs. TA proteins can
reach other locations in the cell through
membrane traffic. Beilharz et al. showed that
there could be a two- stage mechanism and that
there should be a second signal sequence,
possibly on the cytosolic domain, to determine
where it has to go further down the secretory
pathway. For MOM targeted proteins it is still
unclear if there is a shared pathway, like the Get
pathway in the ER. There are MOM TA proteins
that depend on other factors for their insertion
into the MOM, but these highly protein specific
and are thought to be necessary for presenting
the TMD to the bilayer. Until now there are no
chaperones detected that are shared by all MOM
TA proteins. And targeting of the MOM only
depends on the tail segment of TA proteins and
the absence of other chaperones interacting with
them.

Another interesting discovery is that there is a
conserved signal sequence between Pex15 and
Pex26. These functional homologs both use
different routes to reach peroxisomes in yeast
and mammalian cells respectively. When Pex26
is expressed in yeast it follows the Get pathway
just like Pex15. And when Pex15 is expressed in
mammalian cells it favours direct insertion,
mediated by Pex19 and Pex3. Both contain a
similar C terminal segment with two Pex19
binding sites, but the rest of the protein shows
very little sequence similarities. In Pex26 the
luminal binding site is essential for proper
localization. I consider it unlikely that Pex19 also
binds to Pex15 when it is already inserted into
the ER, since both binding sites will be hidden in
the membrane or the ER lumen. It still remains a
question whether these conserved binding sites



are a product of divergent evolution, where
Pex15 did not lose the Pex19 binding sites, or
convergent evolution where Pex15 binding sites
for a “back-up” direct TA targeting pathway.
(Beuntzel et al., 2015)

[ think that these findings demonstrate that TA
proteins targeting is a complex process where
multiple factors determine where a proteins
goes. A combination of biochemical factors, such
as TMD hydrophobicity and lipid composition of
certain membranes, and the presence of
chaperones can account for the specificity of TA
protein targeting. The most appealing view for
me is that after synthesis there is a constant
competition between chaperones. The
chaperone that binds the fastest and most stable
determines where the TA protein goes. [ think
this is in line with the findings about Pex15 and
Pex26. When they are expressed in different
organisms they can take another targeting route
when their native chaperone is not present.

So far TA protein targeting mechanisms have
been an important topic for several research
groups over the past couple of decades. A lot has
been clarified about how they reach their target
organelles within the cell. However, there are
still questions that remain to be answered about
their targeting mechanisms. For further research
it would be interesting to find out how TA
proteins are transported to their final
destination after they are inserted into the ER.
Beilharz et al. already identified bipartite signals
for some TA proteins. For peroxisomal TA
proteins it is still unclear how they are sorted
from the ER to the peroxisomes. There seems to
be a dependency on Pex19, but how this exactly
works is still unclear. This would also be an
interesting research topic for TA proteins that
are inserted into the ER to reach other
membranes in the secretory pathway.
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