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The secretory pathway regulates proper targeting of proteins syn-
thesized on cytosolic ribosomes to their destined compartments 
through the endoplasmic reticulum (ER) and the golgi apparatus 
as well as via the plasma membrane to the extracellular matrix. 
The first step in this pathway is the translocation of the newly 
synthesized proteins into the ER which can occur either co- or 
post-translationally.1,2 During co-translational translocation 
elongation of the protein is arrested due to binding of the sig-
nal recognition particle (SRP) to the freshly synthesized nascent 
polypeptide chain appearing at the ribosome. Translation con-
tinues after binding of the SRP to the SRP receptor at the ER 
membrane and the polypeptide is translocated through the Sec61 
channel into the ER.3

In the post-translational pathway proteins are first fully syn-
thesized in the cytosol and therefore released from the ribosomes 
before being translocated. It was shown that predominantly small 
secretory proteins are translocated post-translationally into the 
ER in yeast and mammals. These small proteins are expected 
to be inefficiently recognized by the SRP at the ribosome since 
translation is completed only shortly after exposure of the 
N-terminal signal sequence.4 This post-translational transport 
is typically facilitated by molecular chaperones such as the heat 
shock protein 70 (HSP70) in the cytosol.5 In yeast post-trans-
lational translocation requires a heptameric Sec complex at the 
ER membrane, consisting of a tetrameric Sec62/63p complex 
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(containing Sec62p, Sec63p, Sec71p and Sec72p) in addition to 
the heterotrimeric Sec61p complex (containing Sec61p, Sbh1p 
and Sss1p).6 The Sec61 protein-conducting channel and Sec63p 
are involved in both, co- and post-translational translocation into 
the ER.7 Sec62 as well as the two nonessential proteins Sec71p 
and Sec72p are specifically associated with the post-translational 
translocon in yeast. Sec62p is suggested to form a signal peptide 
receptor together with the proteins Sec71p and Sec72p.8,9 Sec72p 
is a soluble protein which is anchored to the ER membrane via 
the integral membrane protein Sec71p.6 Moreover, Sec72p con-
tains a tetratricopeptide repeat (TPR) domain, facilitating inter-
action with HSP70 associated preproteins.10 Homologs of the 
yeast Sec62p and Sec63p proteins are also present in mammals 
and it was shown that these proteins form complexes with each 
other as well as with Sec61.11 However, mammalian Sec62 can 
additionally bind in close proximity to the ribosomal exit tun-
nel suggesting that it gained a function in comparison to the 
yeast homolog.12 Sec71p as well as Sec72p are exclusively found 
in yeast.

Post-translational translocation into the ER in plants has not 
been investigated up to date, although homologs for the major 
components of the Sec translocon can also be identified in plant 
genomes. The Arabidopsis thaliana counterpart of the major chan-
nel subunit Sec61α is present as three isoforms, Sec62 occurs as a 
single gene in Arabidopsis thaliana whereas two isoforms of Sec63 
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domain which is known to be required for assem-
bly of functional ER translocons14 conserved in 
both. Deletion of AtERdj2A in Arabidopsis leads 
to a lethal phenotype and causes defects in pol-
len function, whereas AtERdj2B mutants grow 
normally without obvious developmental defect.13 
The β-barrel forming Sec61α subunit is the most 
highly conserved component of the Sec translocon 
with all three Arabidopsis isoforms bearing 67% 
identity to the human Sec61α subunit and 52% 
to the yeast Sec61p. The three Arabidopsis Sec61α 
isoforms share 89% identical amino acids among 
each other, indicating functional redundancy. 
Structural features as well as conserved domains 
such as the Plug- and the SecY-domain were com-
pared between different organisms and showed no 
significant differences.

In our recent studies we analyzed the composi-
tion of the Arabidopsis Sec post-translocon and we 
identified a novel TPR domain containing protein, 
AtTPR7, which is interacting with AtERdj2A at the 
ER membrane.15 Further analyses suggest Sec62 
as additional interaction partner of AtTPR7 not 
only by in vitro pull down experiments but also in 
vivo performing a bimolecular fluorescence com-
plementation assay (BiFC) (Fig. 2). For the pull 
down experiment recombinant AtTPR7 (amino 
acids 1–500) carrying a His-tag at the C-terminus 
replacing the transmembrane domain was purified 
as described previously.15 By this deletion unspe-
cific interactions between hydrophobic transmem-

brane domains of AtTPR7 and Sec62 are avoided. ATPR7 was 
incubated with radiolabeled Sec62 translated in reticulocyte 
lysate and recovered by Ni-NTA sepharose. As a control trans-
lated Sec62 was incubated with Ni-NTA sepharose without any 
AtTPR7-His construct and visualized by autoradiography. Sec62 
specifically binds to AtTPR7-His and not to the empty beads 
(Fig. 2A). Hereby, we could show that AtTPR7 directly interacts 
with Sec62 in vitro.

In a second approach AtTPR7 and Sec62 were expressed in 
tobacco leaves, both linked to complementary parts of fluorescent 
tags only giving a signal at 515 nm when both fluorescent tags get 
in close proximity in the cell.16 An ER mCherry marker protein 
was co-transformed to determine the location of the interaction.15 
As a negative control VenusN-AtTPR7 was expressed together 
with the soluble C-terminal part of SCFP alone (empty vector), 
which should not be able to interact. This in vivo experiment 
revealed close proximity of AtTPR7 and Sec62 at the ER mem-
brane (Fig. 2B), suggesting that AtTPR7 and Sec62 are part of the 
same protein complex. In combination with the in vitro results 
a direct interaction of AtTPR7 and Sec62 can be considered. An 
interaction of VenusN-AtTPR7 with the soluble C-terminus of 
SCFP at the ER membrane could not be detected. This in vivo 
approach strengthens the idea that both, not only Sec62 but also 
AtTPR7, are part of the Arabidopsis Sec post-translocon, forming 
a similar complex to the yeast post-translocon.

have been identified, AtERdj2A and AtERdj2B.13 Phylogenetic 
analyses revealed that the homology of the Arabidopsis Sec62 pro-
tein to the yeast and mammalian counterparts is comparatively 
low with a sequence identity of 12% and 15%, respectively. In 
contrast to yeast and mammals the plant Sec62 homologs show 
one additional hydrophobic stretch at the C-terminal part reach-
ing from amino acids 254–271 which is predicted as a poten-
tial third transmembrane domain in Arabidopsis (Fig. 1A). 
In the Arabidopsis Sec62 protein the conserved domain of the 
Sec62 superfamily is reaching from amino acids 50–242 simi-
lar to the yeast homolog, whereas in the mammalian homo-
logs this domain reaches only from amino acids 170–293 and 
is therefore significantly shorter. The two Sec63 isoforms in 
Arabidopsis thaliana, AtERdj2A and AtERdj2B, show 74% iden-
tity to each other and only 19% to the human and 22% to the 
yeast counterparts, respectively (Fig. 1B). Both, AtERdj2A and 
AtERdj2B have three predicted transmembrane domains within 
the N-terminal region and a J-domain located between the sec-
ond and the third transmembrane domain, therefore showing the 
same characteristics as the yeast and mammalian homologs. All 
Sec63 homologs contain a domain of unknown function con-
served in the Sec63 superfamily. The mammalian homologs have 
two additional domains at the C-terminus lacking in the plant 
Sec63 proteins, a CDC45-like domain in Homo sapiens replaced 
by a Cwf15/Cwc15 domain in Mus musculus and a Sec63 Brl 

Figure 1. Domain structure of Sec62 and Sec63 in mammals, plants and yeast. (A) Com-
parison of the Sec62 protein of Homo sapiens, NP_003253.1; Mus musculus, NP_081292.1; 
Arabidopsis thaliana, At3g20920; Oryza sativa, Os02 g0435000; Saccharomyces cereviseae, 
NP_015231.2. (B) Comparison of the Sec63 protein of Homo sapiens, NP_009145.1; Mus 
musculus, NP_694695.3; Arabidopsis thaliana, At1g79940, At4g21180; Oryza sativa, Os04 
g0307200; Saccharomyces cereviseae, NP_014897.1. Specific domains are indicated in col-
ors. Predicted transmembrane domains are indicated as gray bars. Homolog genes were 
identified by “HomoloGene” (NCBI), conserved domains by “Conserved Domain Search” 
(NCBI) and transmembrane domains were predicted with the help of TMHMM (CBS).
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binding to its TPR domain was investigated so far.17,24 Therefore, 
the involvement of HSP90 in addition to HSP70 adds more com-
plexity to the plant translocon machinery in comparison to yeast. 
Moreover, since neither Sec71p/72p nor AtTPR7 are conserved 
in mammals, the question arises whether and how chaperone 
mediated post-translational translocation occurs in these organ-
isms. As a next step it will be of high interest for us to investigate 
plant proteins as potential chaperone assisted post-translationally 
translocated preproteins of the ER to gain further insight into the 
function of AtTPR7 as part of the Sec post-translocon in plants.
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Since Sec72 homologs are only present in fungi17 
AtTPR7 might functionally replace yeast Sec72p and its 
membrane anchor Sec71p in plants. The TPR domain of 
AtTPR7 seems to replace Sec72p whereas the transmem-
brane domain of AtTPR7 might compensate for Sec71p. 
AtTPR7 is a plant specific protein15 not present in other 
higher eukaryotes. Among plants, however, AtTPR7 is 
conserved from the unicellular green algae Chlamydomonas 
to mosses, ferns, mono- and dicotyledonous plants.

TPR domain containing docking proteins are distrib-
uted among all cellular compartments associated with the 
membrane translocons and thereby facilitating post-transla-
tional translocation.18 In yeast the TPR domain containing 
docking protein Sec72p has been described to bind HSP70 
during post-translational translocation of preproteins into 
the ER.10 Furthermore, Toc64, a TPR domain containing 
docking protein at the chloroplast outer envelope, plays a 
role in chloroplast import by recognizing HSP70/HSP90 
bound preproteins.19 In mammals and yeast Tom70 is the 
most prominent TPR domain containing receptor in the 
outer membrane of mitochondria. In yeast Tom70 binds to 
HSP70, whereas in mammals additional HSP90 binding 
was demonstrated. Furthermore, the mitochondrial mem-
brane associated protein Tom34, which carries two TPR 
domains, is shown to interact with HSP70 and HSP90 
suggesting a possible function as co-chaperone of HSP70 
and HSP90 and thereby playing a role in mitochondrial 
preprotein delivery.20,21 Tom70 seems to be functionally 
replaced by OM64 in plants, a close homolog to Toc64 
in chloroplast.22 We already investigated HSP70 and 
HSP90 binding to AtTPR7 in vitro in our recent study.15 
To strengthen our hypothesis of HSP70 as well as HSP90 
involvement in ER preprotein delivery we performed an in 
vivo analysis using a BiFC approach (Fig. 3). As representa-
tive of the HSP70 family in Arabidopsis HSP70.1 was used 
for the interaction studies since it is demonstrated to be 
an abundant and constitutively expressed isoform.23 A pull 
down experiment with all four cytosolic HSP90 isoforms 
of Arabidopsis revealed HSP90.2 to be the isoform with the 
strongest binding affinity15 to AtTPR7 in vitro and there-
fore HSP90.2 was chosen as representative of the HSP90 
family in Arabidopsis for the BiFC approach. We could 
show that AtHSP70.1 as well as AtHSP90.2 are interact-
ing with AtTPR7 at the ER membrane in tobacco leaves in vivo 
since the signal at 515 nm was reconstituted. Expression of the 
soluble C-terminus of SCFP in the cytosol and VenusN-AtTPR7 
at the ER membrane shows no reconstitution of the fluorescent 
signal showing specificity of the AtTPR7-chaperone interac-
tion. This additional in vivo data supports the idea of AtTPR7 
functionally replacing yeast Sec71/72p in Arabidopsis. AtTPR7 is 
strongly assumed to be the docking protein for chaperone bound 
preproteins during post-translational translocation into the ER 
in plants. The TPR domain of yeast Sec72p is shown to clus-
ter together with the HSP70 recognizing TPR domains (Hop1 
and Hop2b) of the HSP70/HSP90 organizing protein (HOP) 
and not with the HSP90 binding one (Hop2a) and only HSP70 

Figure 2. Interaction of AtTPR7 with Sec62. (A) Recombinant AtTPR7-His 
(20 μg) (At5g21990) was incubated for 1 h with 15 μl of radiolabeled Sec62 
translation product in 300 μl 1× PBS buffer (140 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4, 1.8 mM KH2PO4; pH 7.3). AtTPR7-His was re-purified by incubation 
with 20 μl Ni-NTA sepharose for 1 h at RT. the Ni-NTA sepharose was washed 
for three times with 1 ml of 1× PBS buffer containing 50 mM imidazole and 
samples were subsequently eluted with 20 μl of 1× PBS containing 300 mM 
imidazole. Five percent of the translation (TL), 2% of the flow through (FT), 
2% of the first washing step (W1) and the total eluates (E) were subjected on 
a 10% SDS-PAGE. Association of Sec62 was detected by autoradiography. A 
sample without AtTPR7-His constructs was used as a control. (B) For bimolecu-
lar fluorescence complementation experiments the N-terminal part of Venus 
was fused to the N-terminus of AtTPR7 and the C-terminal part of SCFP to the 
N-terminus of Sec62. The constructs were co-transformed with the ER mCherry 
marker (middle panel) and transiently expressed in tobacco leaves. As a control 
VenusN-AtTPR7 was cotransformed with SCFP3AC alone (empty vector) and 
the ER mCherry marker (bottom panels). Images of tobacco leaf cells were 
obtained by confocal laser scanning microscopy (Leica, Type: TCS SP5; objec-
tive lense: HCX PL APO CS; magnification: 63×; numerical aperture: 1.3; imaging 
medium: glycerol; software: Leica Application Suite/Advanced Fluorescence). 
Reconstituted fluorescence obtained by close proximity of the Venus and the 
SCFP parts was monitored at 515 nm (left panel). Overlay of the signal at 515 
nm and the mCherry marker is shown (right panel). Scale bars: 10 μm.
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Figure 3. Interaction of AtTPR7 with AtHSP70.1 and AtHSP90.2. 
For bimolecular fluorescence complementation experiments the 
N-terminal part of Venus was fused to the N-terminus of AtTPR7 
and the C-terminal part of SCFP to the N-terminus of AtHSP70.1 
(At5g02500) and AtHSP90.2 (At5g56030), respectively. The con-
structs were cotransformed with the ER mCherry marker (middle 
panel) and transiently expressed in tobacco leaves. As a control 
VenusN-AtTPR7 was cotransformed with SCFP3AC alone and the 
ER mCherry marker (bottom panels). Images of tobacco leaf cells 
were obtained by confocal laser scanning microscopy. Reconsti-
tuted fluorescence was monitored at 515 nm (left panel). Overlay 
of the signal at 515 nm and the mCherry marker is shown (right 
panel). Scale bars: 10 μm.
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