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The molecular mechanisms that determine the correct subcellular
localization of proteins targeted to membranes by tail-anchor se-
quences are poorly defined. Previously, we showed that two
isoforms of the tung oil tree [Vernicia (Aleurites) fordii] tail-
anchored Cb5 (cytochrome b5) target specifically to ER (endo-
plasmic reticulum) membranes both in vivo and in vitro [Hwang,
Pelitire, Henderson, Andrews, Dyer and Mullen (2004) Plant Cell
16, 3002–3019]. In the present study, we examine the targeting
of various tung Cb5 fusion proteins and truncation mutants to
purified intracellular membranes in vitro in order to assess the
importance of the charged CTS (C-terminal sequence) in targeting
to specific membranes. Removal of the CTS from tung Cb5 pro-

teins resulted in efficient binding to both ER and mitochondria.
Results from organelle competition, liposome-binding and mem-
brane proteolysis experiments demonstrated that removal of the
CTS results in spontaneous insertion of tung Cb5 proteins into
lipid bilayers. Our results indicate that the CTSs from plant
Cb5 proteins provide ER specificity by preventing spontaneous
insertion into incorrect subcellular membranes.

Key words: C-terminal sequence, cytochrome b5, endoplasmic
reticulum, organelle specificity, tail-anchor protein, vesicle-asso-
ciated membrane protein (VAMP).

INTRODUCTION

Proteins that contain a C-terminal membrane-binding sequence
with the capacity for post-translational integration into mem-
branes (a tail-anchor or insertion sequence) are involved in a
wide variety of cellular functions including apoptosis, protein
translocation, signal transduction and vesicle trafficking [1,2]. As
a group, tail-anchored proteins have many different enzymatic
properties including kinase, phosphatase and lipid biosynthesis
activities and also contribute to mechanical functions such as
permeabilization and fusion of membranes [3,4]. The membrane
topology of tail-anchored proteins tethers a large functional
cytoplasmic domain to the membrane; this has been equated to
ordering a specific layer of cytoplasm close to the surface of
organelles [2]. However, recent evidence suggests that some tail-
anchored proteins may contain additional TMSs (transmembrane
sequences) [5,6]. Most tail-anchored proteins characterized to
date appear to target and insert into either of two distinct
membrane systems: the mitochondrial outer membrane or the ER
(endoplasmic reticulum). From the latter compartment they are
sorted to other membranes such as the nuclear envelope, Golgi,
vacuole/lysosome, peroxisomes, synaptic vesicles and plasma
membrane [7,8].

The N-terminal targeting signals normally associated with
mitochondrial and ER membrane proteins have not been found on
tail-anchored proteins [9,10]. Instead, the signals for organelle-
specific targeting appear to reside within the tail anchor sequence.
For instance, the tail anchors of monoamine oxidase B, Bcl-2,
VAMP1A (vesicle-associated membrane protein 1A), VAMP1B,
and several different isoforms of rat and tung tree Cb5 (cyto-
chrome b5), have been shown to contain all the necessary inform-
ation for organelle-specific targeting of inert passenger proteins
to ER, mitochondria or both organelles [2,11,12].

A typical tail anchor is composed of three regions: (i) the
cytoplasmic NTS (N-terminal sequence), a central sequence of
15–22 hydrophobic amino acids (the TMS), and (ii) the CTS
(C-terminal sequence). The NTS has been shown to contain
targeting signals in some tail-anchored proteins [13,14]. Although
referred to as the TMS, there is no inherent requirement that the
central hydrophobic segment always traverses both leaflets of
the bilayer as the functional definition of a tail anchor requires
only that it anchors a protein to specific membranes [15]. The CTS
includes all of the amino acid residues C-terminal of the TMS,
is usually found within the target organelle lumen or matrix, and
often contains targeting information [16–19].

Tail anchors containing positive charges that flank an amphi-
pathic TMS are often recognized and inserted into the outer
membrane of mitochondria [2,8,20]. The similarity of mito-
chondrial tail-anchor sequences to more traditional N-terminal
mitochondrial signal anchors suggests that both signals may
interact with the same shallow binding groove on the surface of
Tom20 (the 20 kDa receptor subunit of the translocation complex
of the outer mitochondrial membrane) [8,21–23]. Whether
mitochondrial tail-anchor sequences interact with Tom20 or not,
they actively direct proteins to mitochondria since their removal
generally results in mislocalization of the truncated protein in
the cytoplasm [11]. In some cases, removal of a mitochondria-
specific CTS has been reported to result in targeting to the ER
[9,17]. These latter observations are consistent with the ER being
a default destination for some tail-anchor proteins. Signals for the
targeting of tail-anchored proteins to ER were identified also in
the NTS of VAMP1, VAMP2 and VAMP8 [14]. Mutation of pos-
itively charged amino acids or a conserved asparagine residue in
these signals resulted in mislocalization of the mutant VAMP pro-
teins to the cytosol. Therefore not all tail-anchored proteins default
to the ER in response to disruption of their targeting signals.

Abbreviations used: Cb5, cytochrome b5; RCb5, rat Cb5; CTS, C-terminal sequence; ER, endoplasmic reticulum; gPA, IgG-binding domain of
Staphylococcus aureus protein A; NTS, N-terminal sequence; pOCT, preornithine carbamyl transferase; RCb5, rat Cb5; TMS, transmembrane sequence;
Tom20, 20 kDa receptor subunit of the translocation complex of the outer mitochondrial membrane; VAMP, vesicle-associated membrane protein.
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Identification of targeting signals within the tail-anchor se-
quence of Cb5 has been difficult because the most commonly
examined forms of the protein, the ER-specific isoforms of
RCb5 (rat Cb5) or rabbit Cb5, target specifically to ER only
in vivo. In cell-free assays, RCb5 targets to any membrane,
including synthetic liposomes added to the reaction, and shows
no preference for ER even in organelle competition experiments
[12,24]. Previous examination of a mutant in which the charged
CTS of rabbit Cb5 was replaced with a single threonine residue
demonstrated insertion of the mutant into multiple membranes
[16]. However, the change in targeting mechanism responsible
could not be elucidated because rabbit Cb5 does not maintain
targeting specificity in vitro. In contrast, recently identified tung
tree Cb5 proteins, Cb5A and Cb5B, target exclusively to ER
both in vivo in tobacco suspension-cultured cells and in vitro
with purified ER or mitochondria derived from mammalian cells
[11]. Because these Cb5 isoforms retain ER-specific targeting
in vitro, we have used them here to identify a novel regulatory
mechanism responsible for specificity in targeting to the ER. Our
results show that removal of the CTS from the plant Cb5 isoforms
did not inhibit targeting of these proteins to ER, but results in
increased targeting efficiency at the expense of selectivity as the
mutant protein also accumulated at mitochondria. This result
indicates that the CTS is necessary for ER-specific targeting.
Results from liposome-binding assays and experiments with
proteolysed membranes suggest that the CTS of Cb5A conferred
targeting specificity for ER by preventing spontaneous insertion
of the TMS into bilayers. We propose that the CTSs from
Cb5A and Cb5B prevent spontaneous insertion of the tail-anchor
sequences of these proteins, thereby necessitating the involvement
of proteinaceous machinery to bind them to membranes. Since
these tail-anchor sequences are recognized at the ER but not
recognized by the mitochondrial insertion machinery, the result is
selective insertion into the ER. Thus our results demonstrate that
organelle targeting specificity of a tail-anchored protein can be
mediated by both specific recognition signals and by sequences
that prevent spontaneous insertion into incorrect subcellular
organelles.

EXPERIMENTAL

Plasmid construction

Construction of plasmids expressing either Cb5A, Myc–Cb5A,
Cb5B, Bcl-2 or pOCTgPA (defined below) have been previously
described [11,12,25]. The name assigned to each derivative of
Cb5 reflects the sequence of the construct (Figure 1). The plas-
mid pSPUTK/Myc-Cb5B was constructed by ligating the
NcoI–XbaI fragment from pRTL2/Myc-Cb5B [11] into NcoI–
XbaI-digested pSPUTK. pSPUTK and pSPUTK-BglII contain
the SP6 promoter and non-translated sequences that confer
efficient translation to in vitro transcription products and have
been described elsewhere [26,27]. The plasmids pSPUTK/
Cb5A� and pSPUTK-BglII/Cb5B� were constructed using
QuikChange® site-directed mutagenesis according to the manu-
facturer’s instructions (Stratagene, La Jolla, CA, U.S.A.) with
either pSPUTK/Cb5A or pSPUTK-BglII/Cb5B as template
DNA and appropriate forward and reverse primers to replace
the first codon of the Cb5A or Cb5B CTS (corresponding
amino acid underlined, -RHFTKKE or -RLYTKST) with a
stop codon. To modify sequences coding for residues in
the CTS of Cb5A, site-directed mutagenesis was performed
using pSPUTK/Cb5A as template DNA and appropriate pri-
mers to generate pSPUTK/Cb5A�/R, pSPUTK/Cb5A�/RR,
pSPUTK/Cb5A�/E, pSPUTK/Cb5A�/EE, pSPUTK/Cb5A�/B,

Figure 1 Schematic representation of Cb5 constructs examined in the
present study

(A) Deduced amino acid sequences of the C-terminal portions of either wild-type Cb5A (black
on white) or Cb5B (white on black). Amino acid sequences corresponding to the TMS in each
of these three proteins are highlighted with oversized boxes. (B) Amino acid sequences in the
C-termini of mutant Cb5A constructs indicated as in (A). Amino acids in the C-terminus of grey
boxed residues were derived from Bcl-2 (Bcl).

pSPUTK/Cb5A�/Bcl, or pSPUTK/Cb5A�/mA. Complete
descriptions of all the oligonucleotide primers used in the con-
struction of the plasmids used in the present study are available
upon request. All constructs were verified by dideoxynucleotide
sequencing.

Preparation of membranes

ER-enriched membrane vesicles, termed microsomes, were pre-
pared from porcine pancreas as described by Walter and Blobel
[28]. The resuspended microsomal pellet was then column
washed [28]. Each batch of microsomes was tested for co-trans-
lational translocation of preprolactin [29]. One equivalent (Eq) of
microsomes is approx. 1 µl of 50 A280 units/ml of rough ER mem-
branes before salt extraction [28]. Mitochondria were isolated
from rat liver as described by Greenawalt [30]. Isolated mitochon-
dria and microsomes were assayed for purity by immunobloting
for Sec61α, calreticulum, Hsp60 (heat-shock protein 60) and cyto-
chrome c (Supplementary Figure 1, http://www.BiochemJ.org/bj/
401/bj4010701add.htm). Phospholipid vesicles of mitochondrial-
like lipid composition (molar percentage 48:28:10:10:4 phos-
phatidylcholine/phosphotidylethanolamine/phosphatidylserine/
phosphatidylinositol/cardiolipin) were prepared by extrusion in
10 mM Tris/HCl (pH 7.5) [31]. Trypsin-treated microsomes were
digested with 20 µg/ml of trypsin (Sigma–Aldrich, St Louis,
MO, U.S.A.). After a 30 min incubation at 4 ◦C, PMSF was added
to a final concentration of 2 mM to inactivate the protease. Tryp-
sinized microsomes were then diluted and washed twice as pre-
viously described [32]. Mock-treated microsomes were processed
the same way as the trypsin-treated microsomes but without addi-
tion of trypsin. Trypsin-treated mitochondria were prepared as
previously described [12].
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Figure 2 The CTSs of Cb5A and Cb5B are required for ER-specific targeting

(A) Targeting of full-length and CTS-truncated versions of Cb5 isoforms A and B to ER membranes. Plasmids encoding Cb5A, Cb5A�, Cb5B or Cb5B� were transcribed in vitro using SP6
polymerase, and transcription products were translated in reticulocyte lysate containing [35S]methionine. After incubation at 24◦C for 60 min, ribosomes were removed from the translation reactions
by centrifugation at 200 000 g for 10 min. Translation products were then incubated with (+) or without (–) added microsomes. The targeting reactions were layered on top of a sucrose cushion, and
the microsomes were pelleted by centrifugation for 11 min at 100 000 g. The gradients were fractionated into top (T) and middle (M) fractions containing soluble proteins and the bottom (B) fraction
containing microsomes and microsome-bound proteins (arrowheads). Equivalent amounts of all fractions were analysed by SDS/PAGE. (B) Targeting of full-length and CTS-truncated versions of Cb5
isoforms A and B to mitochondrial membranes. Plasmids were transcribed and translated as described in (A). Translation products were then incubated with (+) or without (–) added mitochondria,
fractionated and analysed as in (A). (C) The percentage of the total protein recovered from the pellet fractions in (A) and (B) as determined using a phosphoimager. The percentage targeting reported
is corrected for background by subtracting the percentage of protein in the bottom fraction in the absence of membrane from that in the presence of membranes. Targeting to ER is shown by grey
bars and targeting to mitochondria is shown by white bars. Error bars represent standard deviation (n = 3).

In vitro transcription, translation and membrane binding

In vitro transcription and translation were performed as de-
scribed previously [29]. After incubation at 24 ◦C for 60 min,
ribosomes were removed from the translation reactions by
centrifugation at 200000 g for 10 min. An excess of membranes
was added to the supernatants to ensure that targeting occurs
in a post-translational manner and that membrane concen-
tration is not limiting. Membrane binding experiments were
conducted using 10 µl of the transcription–translation reaction
incubated at 24 ◦C for 60 min, with either 1 µl of 1 Eq/1 µl
microsomes or 25 µl of 2 µg/µl mitochondrial protein. In
organelle competition experiments, three proteins were assayed
simultaneously; therefore 30 µl of transcription–translation
reaction was incubated with the indicated quantity of membranes
at 24 ◦C for 60 min. Membrane binding assays [25] and organelle
competition experiments were carried out as described by Hwang
et al. [11]. Volumes of each fraction corresponding to equivalent
amounts of the original translation reaction were analysed by
SDS/PAGE using a Tris-Tricine buffer system [33]. Radioactive
proteins were visualized and quantified using a phosphoimager
and ImageQuant software (Amersham Biosciences, Piscataway,
NJ, U.S.A.).

RESULTS

The most intensely studied Cb5 is the ER isoform from rat liver
(RCb5). Unlike other tail-anchor proteins, in vitro RCb5 targets
to virtually any membrane [12,24,34]. In contrast, two recently
described isoforms of plant Cb5 (tung tree Cb5A and Cb5B) target
to ER specifically both in vitro and in vivo ([11]; also Figure 2). To
investigate the sequences within these proteins responsible for
targeting fidelity in vitro, a series of mutants were examined in
which sequences from the tail-anchored proteins Cb5A, Cb5B,
and the anti-apoptosis protein Bcl-2 were interchanged (Figure 1).

Targeting Cb5 isoforms to ER and mitochondrial membranes

Significant published evidence suggests that the targeting specifi-
city of tail-anchor proteins can be determined by sequences within
the CTS, a short sequence of amino acids C-terminal to the
hydrophobic TMS [16–18]. To determine what signals within
the tail anchor of Cb5A and Cb5B are required to target them
specifically to ER, truncation mutants were created in which the
CTS was removed (Cb5A� and Cb5B�). Targeting of the wild-
type proteins and the truncation mutants was compared (Cb5A
with Cb5A� and Cb5B with Cb5B�) after incubating the
proteins synthesized in a cell-free lysate with either mitochondria
or microsomes from ER. To ensure that targeting was taking
place post-translationally and therefore independent of the
co-translational signal-recognition-particle-mediated targeting
system, ribosomes were removed from the translation reactions
by centrifugation before the addition of membranes [29].
Targeting of the proteins to membranes was assayed by pelleting
the membranes through a sucrose cushion and analysing the
distribution of the proteins between pellet and supernatant
fractions. A protein was judged membrane-bound if it was
recovered from the membrane pellet at the bottom of the tube.

As shown in Figure 2(A), a significant portion of both Cb5A
and Cb5B bound to ER since they were found in the pelleted
fraction at the bottom of the step gradients. Cb5A� and Cb5B�
targeted to ER with higher efficiency (Figure 2A), indicating
the CTS is not required for targeting to ER. While the wild-
type versions of Cb5A and Cb5B did not target efficiently to
mitochondria, truncation mutants Cb5A� and Cb5B� did
target significantly to mitochondria (Figure 2B; compare bands
indicated with arrowheads). Indeed, when the pelleting data
from three independent experiments were analysed quantitatively
by recording the radioactivity in the SDS/PAGE gels using a
phosphoimager, targeting of Cb5A� and Cb5B� to mitochondria
was increased 7- and 4.5-fold respectively compared with the
corresponding wild-type proteins (Figure 2C). Only a small
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portion of each Cb5 construct pelleted in the absence of mem-
branes (Figures 2A and 2B), indicating that the distribution
observed was not due to aggregation of the molecules synthesized
in vitro. Further, the proteins bound to membranes were integrated
in the bilayer as they were resistant to extraction with sodium
carbonate (pH 11.5) (results not shown). Therefore, in the absence
of the CTS, the mutant proteins targeted efficiently to both ER
and mitochondria.

Specificity of Cb5A targeting to ER membranes

The data presented above demonstrate that in targeting experi-
ments conducted with a single source of membranes
(mitochondria or ER), Cb5A targeted specifically to ER, whereas
Cb5A� targeted to either ER or mitochondria (Figure 2).
However, there are multiple target subcellular membranes with
vastly different surface areas that tail-anchor proteins might target
in vivo. Therefore it is possible that even a modest preference
for targeting to one organelle might be sufficient to account for
targeting specificity in a cell. To examine targeting preference
in more detail, an organelle competition assay was used to
measure the relative targeting of Cb5A and Cb5A� in reactions
containing both ER and mitochondrial membranes. Targeting
experiments carried out with mitochondria demonstrated that in
our cell-free assay 50 µg (total protein) of mitochondria was
saturating for targeting of in vitro synthesized Cb5A�. Therefore
competitive targeting reactions included 50 µg of mitochondria
together with increasing amounts of microsomes (Figure 3A).
After incubating ribosome-depleted translation reactions with
membranes for 60 min at 30 ◦C, ER and mitochondria were re-
isolated via differential centrifugation through a sucrose cushion
and the distribution of the proteins between pellet and supernatant
fractions was analysed by SDS/PAGE as described above.

To confirm that the two membranes were efficiently sepa-
rated after the incubation was completed, mitochondria were la-
belled during the incubation by import of pOCTgPA into the mito-
chondrial matrix. pOCTgPA is a previously well-characterized
fusion protein composed of the mitochondrial import signal from
pOCT (preornithine carbamyl transferase) fused to the N-terminus
of the gPA (IgG-binding domain of Staphylococcus aureus protein
A) serving as a passive passenger protein [25]. Import of this
fusion protein into mitochondria is accompanied by cleavage of
the mitochondrial presequence to generate OCTgPA and also
demonstrates that the mitochondria in the reactions are import
competent ([11] and Figure 3). Separation of OCTgPA from
fractions containing ER demonstrates the efficient isolation of
mitochondria ([11] and Figure 3).

To compare directly the binding of wild-type and CTS-
truncated versions of Cb5A and Cb5B to membranes, sets of
proteins were assayed in the same reactions. A Myc epitope tag
was added to the N-terminus of wild-type Cb5A and Cb5B to gen-
erate sufficient size difference between the full-length and CTS-
deleted proteins to separate them cleanly by SDS/PAGE. Addition
of the Myc epitope tag at the N-terminus had no effect on binding
to membranes or liposomes (results not shown). Quantification
of Myc–Cb5A targeting (as described above; Figure 2) revealed
that this protein did not target to mitochondria as indicated by the
small amount of protein in the mitochondrial pellets (Figure 3A,
odd-numbered lanes, and quantified in Figure 3B). However, as
the amount of ER was increased in the targeting reactions, the
amount of Myc–Cb5A in the ER fraction increased, indicating that
Myc–CB5A targets selectively to the ER (Figure 3). As expected
from the data in Figure 2, Cb5A� targets to mitochondria in
the absence of ER (Figure 3A, lanes 1 and 2). However, as the
concentration of ER was increased in the targeting reactions,

Figure 3 Targeting proteins to ER membranes and mitochondria in the
same reactions

(A) Translation reactions containing Myc–Cb5A, Cb5A� and pOCTgPA were added to
mitochondrial import reactions containing mitochondria (50 µg of total protein) and equivalents
of microsomes as indicated (Eq). After incubation at 30◦C for 60 min, EDTA and potassium
acetate were added to final concentrations of 50 and 500 mM respectively, and the ER and
mitochondria were separated by differential centrifugation. Equivalent amounts of all fractions
were analysed by SDS/PAGE, and the relative intensity of the resulting bands was determined
using a phosphoimager (data presented in B and C). Arrows at the side of the panels indicate
the migration positions of the specified proteins in SDS/PAGE. pOCTgPA is the precursor
containing a mitochondrial targeting signal that is cleaved to generate the mature form of
the protein (OCTgPA) following import into mitochondria. (B) Relative amount of Myc–Cb5A
co-fractionating with ER (grey squares) and mitochondria (black diamonds). (C) Relative amount
Cb5A� co-fractionating with ER (grey squares) and mitochondria (black diamonds).

the amount of targeting of Cb5A� to ER also increased
(Figures 3A and 3C) such that when 12 Eq of ER were added more
than half of the Cb5A� targeted to ER (lanes 9 and 10). These data
for the targeting specificity of Cb5A� (Figure 3C) suggest that
removal of the CTS from Cb5A results in indiscriminate targeting
to the organelle with the highest local concentration. Thus the CTS
prevents spontaneous insertion into membranes. In the absence of
spontaneous insertion, wild-type tail-anchored proteins undergo
specific targeting presumably due to recognition of the tail-anchor
sequences by insertion machinery at the appropriate organelle(s)
[34–36].

Spontaneous insertion of Cb5A� and Cb5B� into liposomes

The results of the organelle-targeting experiments described
above (Figures 2 and 3) demonstrate that removal of the CTS

c© 2007 Biochemical Society
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Figure 4 The Cb5A and Cb5B CTSs inhibit binding to liposomes

(A) After incubation at 24◦C for 60 min, ribosomes were removed from the translation reactions by centrifugation at 200 000 g for 10 min. Phospholipid vesicles were added to translation reactions
and, after incubation at 30◦C for 60 min, sucrose was added to a final concentration of 1.6 M. The samples were then transferred to centrifuge tubes and sucrose gradient buffers (0.8 M and 0.25 M
sucrose steps) were sequentially layered on top of the sample. After centrifugation for 18 h at 100 000 g, gradients were fractionated from the top into five fractions of equal volume with the solubilized
pellet as the bottom fraction. Equivalent amounts of all fractions were analysed by SDS/PAGE. Fractions 1 and 2 contain liposomes and liposome-bound proteins (arrowheads). Fraction 3 contains a
portion of the sucrose gradient. Fraction 4 is the load fraction and contains untargeted proteins, while fraction 5 contains protein aggregates. The migration positions in SDS/PAGE of each protein
examined are indicated by arrows at the sides of the panels. ‘G’ indicates the migration position of rabbit globin in the reticulocyte lysate that distorts the migration of adjacent bands. (B) The
percentage of the total protein in fractions 1 and 2 in (A) was determined using a phosphoimager. The percentage targeting reported is corrected for background by subtracting the percentage of
protein in fractions 1 and 2 in the absence of liposomes from that in the presence of liposomes. Error bars represent standard deviation from the mean (n = 3).

from Cb5A or Cb5B makes the targeting of these proteins to
membranes promiscuous. If targeting specificity in vitro has been
lost, then it is possible that these proteins (Cb5A� and Cb5B�)
will now bind to lipid vesicles with a lipid composition similar to
that of mitochondria [34].

To compare directly the binding of wild-type and CTS-
truncated versions of Cb5A and Cb5B to liposomes, sets of
proteins were assayed in the same reactions as above. To measure
binding of Cb5 proteins to liposomes of mitochondria-like lipid
composition, translation reactions containing the proteins were
incubated with liposomes and then the liposomes were isolated
by flotation on sucrose gradients (Figure 4A, fractions 1 and
2). Unbound proteins remained in the load fraction (fraction 4),
while the small amount of protein that aggregated pelleted to
the bottom of the gradient (fraction 5). As expected, Myc-tagged
Cb5A and Cb5B did not bind efficiently to liposomes (Figure 4A,
arrowheads, and quantified in Figure 4B). In contrast, a significant
proportion of Cb5A� and Cb5B� molecules were recovered from
fractions 1 and 2, indicating that they bound directly to lipid
bilayers (Figure 4A, arrowheads, and quantified in Figure 4B).
Note that the globin in the lysate distorts adjacent bands in the
gel, limiting the accuracy of quantification. However, because
the globin is present only in the load fractions (fraction 4) it
actually leads to an underestimation of the extent of liposome
binding. Taken together, the organelle and liposome targeting
results presented in Figures 2–4 indicate that removal of the hydro-
philic CTS sequence allows spontaneous insertion of the Cb5A
and Cb5B TMS into any membrane (ER, mitochondria or lipo-
somes) presumably because it lowers the thermodynamic barrier
for insertion into lipids.

Insertion of Cb5A into ER is protein-mediated

Proteolysed membranes were used to determine if insertion
into cellular membranes of the various tail-anchor proteins
is dependent on membrane-bound proteins. Trypsin was used
to remove cytoplasmic domains from microsomal proteins
(including proteins putatively involved in tail-anchor targeting)
prior to use of the microsomes in post-translational targeting re-
actions. RCb5 targeting to microsomes does not rely on a protein

receptor [24,34]; therefore this protein served as an appropriate
control for membrane integrity. At high concentrations of trypsin
microsomes break down, presumably because the proteolytic
fragments of transmembrane proteins are more compatible with
micellar structures [34]. To ensure that proteolysis was limited
to proteins exposed on the microsome surface, degradation
of Sec61α compared with calreticulin was monitored by
immunobloting. The incubation conditions used (20 µg/ml
trypsin, 0 ◦C for 1 h) resulted in the complete digestion of the
cytoplasmic domains of the multi-spanning membrane protein
Sec61α, while the luminal protein calreticulin remained intact
(results not shown). To measure protein binding to trypsin-
treated microsomes, the Cb5 proteins were incubated with
trypsinized microsomes and then membrane-bound proteins were
separated from the reaction by flotation of the microsomes
in sucrose gradients. We used separation reactions similar to
those described above for liposomes (Figure 4) because trypsin
digestion reduces the density of the microsomes by removing
ribosomes as well as exposed proteins. As shown in Figure 5(A),
RCb5 bound with equal efficiency to both mock-treated (M)
and trypsin-treated (T) microsomes, consistent with spontaneous
insertion of this protein into bilayers. In contrast with the re-
sults obtained for RCb5, incubation of microsomes with trypsin
resulted in a significant decrease in targeting of Cb5A compared
with targeting to mock-treated microsomes. Consistent with our
working hypothesis, targeting of Cb5A� to trypsin-digested
membranes was not impaired. Together, these results suggest
that Cb5A binding to membranes is mediated by a trypsin-
sensitive (protein) insertion machinery and that this machinery
is not required for binding of Cb5A�. Indeed, the latter result
was expected since Cb5A� inserted into liposomes (Figure 4).
The slight decrease in the Cb5A� targeting to trypsin-treated
microsomes (Figure 5A, compare bands in fractions 1 and 2
for targeting to mock-treated and trypsin-treated microsomes)
suggests that while Cb5A� undergoes spontaneous insertion it
may also make use of the trypsin-sensitive insertion machinery.

To determine if targeting of Cb5A� to mitochondria is also
independent of a specific receptor, we exposed mitochondria to
different concentrations of trypsin before using them to assay
post-translational targeting compared with controls. As expected,
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Figure 5 Protease sensitivity of targeting of Cb5A and Cb5A� to membranes

(A) Translation reactions containing RCb5, Cb5A or Cb5A� were incubated either in the absence of microsomes (–), with mock-treated microsomes (M) or with trypsin-treated microsomes (T).
Trypsin-treated microsomes were treated with 20 µg/ml trypsin at 4◦C. After 30 min, PMSF was added to inactivate the protease. Microsomes were washed twice and collected by centrifugation.
Mock-treated microsomes were processed the same way as the trypsin-treated microsomes but without addition of trypsin. The indicated membranes were added to translation reactions and after
incubation the targeting reactions were then mixed with 2.5 M sucrose gradient buffer to a final sucrose concentration of 1.6 M. Sucrose gradient buffers of 1.3 and 0.8 M sucrose were then
layered successively on top of the sample. After centrifugation for 18 h at 440 000 g, gradients were fractionated from the top into five fractions of equal volume with the solubilized pellet as the
bottom fraction. Equivalent amounts of all fractions were analysed by SDS/PAGE and the relative intensity of the resulting bands was determined using a phosphoimager. Fractions 1 and 2 contain
microsomes and microsome-bound proteins (arrowheads) and were used to determine the percentage of microsome-bound protein. Fraction 3 contains a portion of the sucrose gradient. Fraction 4
is the load fraction and contains untargeted proteins, while fraction 5 contains protein aggregates. The migration positions in SDS/PAGE of each protein examined are indicated by arrows at the
sides of the panels. (B) Mitochondria were incubated with 0, 5 or 20 µg/ml trypsin (as indicated) at 4◦C and processed as above. Trypsin-treated mitochondria were incubated with translation
reactions containing pOCTgPA, RCb5, Cb5A�, Cb5A�/Bcl or Bcl-2. Targeted molecules were recovered with membrane pellets after centrifugation and analysed by SDS/PAGE. The major band in
the pOCTgPA-containing reactions (0 trypsin) is the processed mature OCTgPA protein.

targeting of RCb5 to mitochondria does not rely on a membrane
receptor [24], whereas the specific receptor-mediated targeting
and processing of the other control protein, pOCTgPA, was
completely abolished by pre-incubation of mitochondria with
20 µg/ml trypsin (Figure 5B). Thus the targeting of the control
proteins to mitochondria monitored well the effects of trypsin.
Figure 5(B) shows also that the binding of Cb5A� was similar
to RCb5 in that it was largely unaffected by treatment of
mitochondria with 20 µg/ml of trypsin. The dramatic difference
in pOCTgPA targeting compared with Cb5A� targeting argues
against the involvement of a trypsin-sensitive receptor for
targeting of Cb5A� to mitochondria. Overall, these results
suggest that in vitro the mechanisms of RCb5 and Cb5A� binding
to membranes are similar and that this mechanism is very different
from that of wild-type Cb5A and Cb5B.

Determinants of specificity within the Cb5A CTS

To determine what properties within the Cb5A CTS are important
for inhibiting targeting to mitochondria, a series of Cb5A mutants
was examined using a cell-free assay containing mitochondria, ER
or liposomes (Figure 6). To test the generality of the phenomenon
the CTS of Cb5B and a mutant version of the Cb5A CTS (Figure 1)
were also examined. The CTS of Cb5B (RLYTKST) contains
three fewer charged amino acid residues than the CTS of Cb5A
(RHFTKKE). Similarly, Cb5A�/mA (RHFTGGE) contains two
fewer positive charges. When the CTS of Cb5A was replaced
with that of Cb5B, RHFTGGE targeting to both liposomes and
mitochondria was reduced compared with Cb5A�. However,
targeting of Cb5A�/B and Cb5A�/mA was not entirely similar to
Cb5A (Figure 6, compare with Cb5A targeting in Figures 2C and
4B). This result is consistent with previous findings that targeting
specificity is a function of the CTS in the context of the appropriate
TMS [11]. In addition, the hypothesis that aberrant targeting of
Cb5A� to mitochondria is the result of spontaneous insertion

Figure 6 Effect of mutations in the CTS of Cb5A on targeting to ER,
mitochondria and liposomes

Translation reactions containing Cb5A�/B, Cb5A�/mA, Cb5A�/R, Cb5A�/RR, Cb5A�/E,
Cb5A�/EE or Cb5A�/Bcl were incubated in the presence or absence of ER membranes,
mitochondria or liposomes as described in the legends of Figures 2 and 4. The percentage
targeting reported is corrected for background by subtracting the percentage of protein in the
bottom fraction in the absence of membrane from that in the presence of membranes. Targeting
to mitochondria is shown by white bars, targeting to ER is shown by grey bars and target-
ing to liposomes is shown by black bars. Error bars represent standard deviation from the mean
(n = 3).

is supported by the low efficiency of Cb5A/B and Cb5A�/mA
targeting to both mitochondria and liposomes compared with ER.

To address the possibility that charges in the CTS of Cb5A
are sufficient to provide a thermodynamic barrier to insertion
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of the hydrophobic tail-anchor TMS into the bilayer, either an
arginine or glutamic acid residue was added to the C-terminus
of Cb5A�, generating Cb5A�/R and Cb5A�/E respectively.
Insertion of Cb5A�/R and Cb5A�/E into liposomes was then
assayed as described above. As shown in Figure 6, Cb5A�/E
targeted to liposomes with the same efficiency as Cb5A�,
while the efficiency of liposome binding by Cb5A�/R was
decreased slightly. The addition of two rather than one arginine
or glutamic acid residues to the Cb5A� mutant did not further
alter liposome targeting efficiency. Therefore addition of one or
two charged residues to the TMS of Cb5A does not prevent
spontaneous insertion into membranes. Moreover, binding to
membranes does not appear to be mediated by electrostatic
interactions within the CTS, since mutant Cb5A proteins with
more negatively charged CTSs (expected to be repelled from the
membrane) targeted more efficiently than those with one or two
positively charged residues at their C-termini (Figure 6). Thus
the inclusion of two charges does not generate a thermodynamic
barrier sufficient to inhibit membrane binding by these tail-anchor
proteins and Cb5A�/RR and Cb5A/EE target efficiently to both
ER and mitochondria. However, targeting of Cb5A�/RR to
the ER was almost twice as efficient as targeting of this mutant
to mitochondria. This suggests that charged amino acids may
serve as potential determinants of selectivity. For the above
Cb5A mutants a correlation exists between efficient insertion into
liposomes and loss of organelle specificity. However, Cb5A/Bcl
targets to both ER and mitochondria efficiently, while liposome
binding is minimal (Figure 6).

The anti-apoptosis, tail-anchored protein Bcl-2 targets to and
functions at both the ER and mitochondria membranes in vitro
and in vivo [25,37]. Chemical labelling of the endogenous cysteine
in the TMS of Bcl-2 has been used to demonstrate that the
tail-anchor of Bcl-2 inserts similarly into the lipid bilayers of
both ER and mitochondria in vitro and in cells expressing
Bcl-2 [5]. The three-amino-acid CTS of Bcl-2 (SHK; refer to
Figure 1) is hydrophilic, suggesting that a protein receptor may
be required to allow the CTS to move to the luminal side
of the membrane. It has been demonstrated that Bcl-2 targets
with reduced efficiency to mitochondria pretreated with trypsin
[23]. Addition of the Bcl-2 CTS to Cb5A� resulted in efficient
targeting to both mitochondrial and ER membranes; however,
spontaneous insertion of the mutant Cb5A protein (Cb5A�/Bcl)
into liposomes was minimal (Figure 6). Targeting to trypsin-
treated mitochondria was conducted to determine if addition of
the Bcl-2 CTS to CB5A� resulted in protein-dependent insertion
into mitochondria. Although less sensitive to trypsin treatment
than pOCT, the targeting of both Bcl-2 and Cb5A�/Bcl is
disrupted by trypsin treatment (Figure 5B). Therefore addition of
the Bcl-2 CTS prevents spontaneous insertion into liposomes and
thereby facilitates protein-mediated insertion into its authentic
target membranes (ER and mitochondria). Together with data
in Figure 5 demonstrating that Cb5A binding to ER membranes
depends on a trypsin-sensitive ER protein, our results suggest that
when spontaneous insertion into membranes is prevented, then
recognition and insertion of the tail anchor into the correct target
membrane is mediated by a membrane-bound accessory factor.
For the Cb5 proteins analysed here, the CTS is required to prevent
spontaneous insertion and when removed results in efficient but
non-specific targeting to ER, mitochondria and liposomes.

DISCUSSION

Many tail-anchored proteins are engaged in cellular processes
that require localization to the correct organelle. For some tail-

anchored proteins, such as the proteins involved in vesicle budding
and fusion (VAMPs and syntaxins), unique localization is an
inherent component of function [4]. A few other tail-anchored
proteins, such as Bcl-2, function at both ER and mitochondria,
but, at least in the case of Bcl-2, have slightly different functions
at each location [34,37]. In plants, tung tree Cb5A and Cb5B
are localized to and function specifically at the ER, while the
equivalent biochemical activity is provided at mitochondria by
another distinct Cb5 isoform (Cb5D) that is targeted exclusively to
this organelle [11]. Examination of the determinants for organelle-
specific targeting of Cb5A, Cb5B and Cb5D in plant cells [11] or
mitochondrial-localized Cb5 isoforms in mammalian cells [16]
has been informative. However, the molecular mechanism of
ER-specific targeting can be better analysed using a cell-free
system. Unfortunately, previous examinations of the mechanism
of targeting for Cb5 proteins have been hampered by the
promiscuous insertion of RCb5 in vitro.

Studies of rabbit and rat isoforms of Cb5 in vitro have shown
that promiscuous targeting can result in a hairpin membrane
topology [24,38,39]. In the hairpin topology both the N- and
C-termini are exposed to the cytosol; therefore the charged
CTS does not provide a thermodynamic barrier to spontaneous
insertion. Protease protection assays carried out in the present
study demonstrated that the bulk of both Cb5A and Cb5A� were
protease-sensitive when membrane-bound (results not shown). In
addition, resistance to carbonate extraction indicated that Cb5A
and Cb5B are integral membrane proteins [11]. Nevertheless, our
results do not reveal whether the tail anchor actually spans the
bilayer. However, our emphasis is on determinants of targeting
specificity and since the transmembrane status of either tung Cb5
in cells has not been determined we have not investigated this
issue further.

That the plant proteins tung Cb5A and Cb5B retain ER-
specific targeting in a mammalian cell-free protein-targeting assay
(Figures 2 and 4) suggests that the targeting, signal recognition,
membrane-binding and insertion mechanisms are well conserved
among evolutionarily diverse organisms. In contrast with ex-
pectations based on previous analyses of other tail anchors,
changes in the length of the hydrophobic region in the tail anchor
examined here are not required to differentiate insertion into
ER from insertion into mitochondrial membranes. In the present
study, increased targeting to liposomes correlates with increased
targeting to mitochondria with the exception of Cb5A�/Bcl.
That Cb5A�/Bcl targets to both ER and mitochondria but not
to liposomes or trypsin-treated mitochondria mirrors the targeting
specificity of wild-type Bcl-2 [23,34]. Both of these results can be
rationalized by the targeting mechanism elucidated here in which
a major role of the CTS is to prevent spontaneous insertion into
bilayer membranes. However, our results suggest that the Bcl-2
CTS promotes recognition of the Cb5A tail anchor by protein(s)
at the mitochondria. The eventual identification of consensus
sequences for organelle-specific targeting signals will require:
(i) the identification of a much larger number of tail-anchor
proteins that are targeted to specific organelles and (ii) large-
scale mutagenesis of putative targeting signals to assess more
accurately the features responsible for targeting a specific subset
of tail-anchor sequences.

It was previously reported that Cb5A� is localized to the ER in
tobacco suspension-cultured cells [11]. This result is consistent
with our findings, since we demonstrate that Cb5A� in vitro
will spontaneously insert into the organelle with the highest
local concentration (Figure 4). The ER is by far the most abun-
dant membrane surface in cultured tobacco cells and so it would
be expected that most of the Cb5A� would localize to this
compartment in vivo [11]. In cells, tail-anchor protein translation
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could be localized such that the protein is synthesized by ribo-
somes on the ER membrane [40,41]. ER-localized translation
would favour spontaneous insertion of Cb5A� into ER.
Furthermore, in a microscopic examination one also cannot rule
out the possibilities that small amounts of Cb5A� mislocalized
to other organelles were obscured in images by the abundance of
Cb5 staining at the ER or that mis-targeted Cb5A� protein was
rapidly degraded. Unfortunately, the low transfection efficiency of
plant cells (less than 1% by biolistic bombardment) precludes the
analysis of rates of turnover necessary to test the latter hypothesis.
Cell-free targeting assays are well suited to analysis of targeting
specificity and efficiency as confounding events in cells such
as differences in the rate of turnover of appropriately and mis-
targeted proteins are avoided. Furthermore, the amount of each
membrane system can be controlled. In our system, we used
mitochondria as a non-specific membrane because mitochondria
and ER can be efficiently separated and positive controls for
import (e.g. pOCTgPA) are readily available. However, our results
with liposomes suggest that the results would extend similarly
to other off-target organelles. Finally, it is only possible to
unambiguously demonstrate post-translational targeting using a
cell-free system. For these reasons cell-free targeting reactions
are a useful experimental system in which to directly study
molecular mechanism(s) involved that confer targeting specificity
and efficiency in cis (the present study) or in trans [42,42a].

The targeting signals within the tail-anchor sequences analysed
previously all function in cell-free assays as positive signals
that direct tail-anchored proteins to a specific membrane (e.g.
Figure 7A). Perhaps the best characterized of these signals are
those that direct proteins to mitochondria and include essential
positive charges that flank an amphipathic TMS [8,16,18]. The
essential characteristic identified for a positive signal is that
removal disrupts recognition of the tail anchor by the organelle-
specific targeting machinery (in this example mitochondria)
resulting in decreased targeting to mitochondria and cytoplasmic
or ER (mis)localization [9,17]. The observation that some of
these proteins localized to ER led to the proposal that for many
tail-anchored proteins targeting to the ER occurs by default.
Consistent with these previously published results, our data
indicate that the ER will tolerate variation in the sequence of
the CTS as none of the sequences examined in the context of
Cb5A inhibited targeting of this protein to ER (Figure 6). In
experiments using transfected cells, the accumulation of Cb5A�
and Cb5B� in the ER may be due to either a specific targeting
reaction to ER or spontaneous insertion into lipid bilayers. By
using a cell-free assay containing liposomes or microsomes
digested with trypsin, we demonstrated that the latter is the
more likely mechanism. In this study, the extent of organelle
specificity conferred by the CTS of Cb5A is not absolute. It is
probable that in addition to the CTS: cytoplasmic factors such
as signal recognition particle, targeting signals, membrane-bound
proteins and membrane composition all contribute to organelle-
specific tail-anchored protein targeting [24,36,40,43,44]. Overall,
our results demonstrate a novel mechanism by which targeting
specificity for tail-anchored proteins can be achieved. The CTSs of
Cb5A and Cb5B prevent spontaneous insertion into a membrane
bilayer; therefore translocation of these sequences across the ER
membrane is probably protein-mediated (Figure 7B). Evidence
from studies using yeast mutants indicates that this machinery
for tail-anchored proteins is distinct from the translocon required
to insert other membrane proteins into the ER bilayer [36,45].
However, in mammalian cell-free systems, tail-anchored proteins
have been shown to cross-link to signal recognition particle and
translocon components in vitro [40,43]. Although we did not
examine the potential importance of cytoplasmic components

Figure 7 CTSs are involved in targeting tail-anchored proteins to specific
organelles

Recognition of signals by the tail-anchor protein receptor is represented by pairing of squares
or triangles on the corresponding receptor and tail-anchor protein. (A) Positive signals
promote targeting of a nascent tail-anchored protein to the correct organelle membrane (e.g.
mitochondrion membrane) by interacting with a membrane-bound receptor [and/or potentially
by recognizing specific lipid composition (not shown)]. When a positive signal is removed the
nascent tail-anchored protein remains cytoplasmic. (B) The correct sorting of wild-type Cb5A to
the ER is protein-mediated. The CTS of Cb5A (or Cb5B) prevents targeting to the wrong organelle
membrane by inhibiting spontaneous insertion into non-target membranes (e.g. mitochondria).
However, when the CTS is removed targeting of nascent Cb5A becomes promiscuous. The
symbolic representation of tail-anchor recognition by the receptor is illustrative and not
intended to imply that the CTS is solely involved, elements within the TMS and NTS are also
involved in targeting specificity. Furthermore, cytoplasmic factors may also be involved but are
not shown.

in the reticulocyte lysate (such as signal recognition particle),
our data with protease-treated microsomal membranes support
a role for membrane proteins in the targeting and assembly of
tail-anchor proteins into the ER. Furthermore, for some tail-
anchor proteins, a lack of targeting information in the protein
could be compensated for by targeting the mRNA. Localizing the
mRNA to the ER membrane may restrict translation to ER-bound
ribosomes thereby targeting an otherwise promiscuous tail-anchor
protein in a highly selective manner. In this situation, integration
into the membrane may be facilitated by interactions of the tail
anchor with the conventional translocation machinery in the ER
[40,43]. Little is known about the nature of the tail-anchored
protein translocation machinery; it was, therefore, omitted from
the diagram in Figure 7. Clearly, identification of the machinery,
determination of whether a common machinery is used for all
tail-anchor proteins targeted to the ER and how it mediates the
translocation of a charged CTS sequence into the ER lumen
will all be critical to understanding how membrane insertion and
assembly of proteins with tail anchors is regulated.
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