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Chloroplasts evolved from a cyanobacterial endosymbiont that resided within a eukaryotic cell. Due to their prokaryotic
heritage, chloroplast outer membranes contain transmembrane b-barrel proteins. While most chloroplast proteins use
N-terminal transit peptides to enter the chloroplasts through the translocons at the outer and inner chloroplast envelope
membranes (TOC/TIC), only one b-barrel protein, Toc75, has been shown to use this pathway. The route other b-barrel
proteins use has remained unresolved. Here we use in vitro pea (Pisum sativum) chloroplast import assays and transient
expression in Nicotiana benthamiana to address this. We show that a paralog of Toc75, outer envelope protein 80 kD (OEP80),
also uses a transit peptide but has a distinct envelope sorting signal. Our results additionally indicate that b-barrels that do
not use transit peptides also enter the chloroplast using components of the general import pathway.

INTRODUCTION

Chloroplasts arose from an ancient endosymbiotic relationship
between a species of cyanobacteria and a eukaryotic cell. These
two organisms evolved together and diversified to become
glaucophytes, red algae, green algae, and land plants. As the
cyanobacterial endosymbiont became integrated with the host
cell, a protein import machinery spanning its double membrane
envelope evolved. This import apparatus allowed the targeting of
newproteins to the endosymbiont aswell as themigration ofmost
cyanobacterial genes to the nucleus. In modern plant cells, the
import apparatus consists of translocons at the outer and inner
envelope membranes of the chloroplast (TOC/TIC). The TOC
complex contains two GTPase receptors, Toc34 and Toc159, as
well as Toc75, which is thought to form the pore (Kessler et al.,
1994; Schnell et al., 1994). The exact protein composition of the
TIC is a matter of debate (Bölter, 2018; Nakai, 2018). Proteins
destined for the interior compartments of the chloroplast, in-
cluding the inner membrane, stroma, and thylakoids, are directed
to theprotein import apparatusbyN-terminal transit peptides (Lee
and Hwang, 2018). These transit peptides are removed after
import by the stromal processing peptidase (SPP; Robinson and
Ellis, 1984; Richter and Lamppa, 1998).

Proteins of both prokaryotic and eukaryotic origin make up the
chloroplast import apparatus (Shi andTheg, 2013).Notably Toc75
evolved from a cyanobacterial protein and is part of a large pro-
karyotic protein family called “outer membrane protein 85 kD
(Omp85) homologs” (Bölter et al., 1998; Reumann and Keegstra,
1999; Inoue and Potter, 2004). In bacteria, Omp85 homologs
function in protein export and assembly of outer membrane (OM)

transmembrane b-barrel proteins (Voulhoux et al., 2003; Selkrig
et al., 2012). The latter function is essential for diderm bacteria
envelope biogenesis and is thought to be the function of the
cyanobacterial Omp85 fromwhich Toc75 evolved. Like the OMof
bacteria, the chloroplast OM contains transmembrane b-barrel
proteins. These are hypothesized to be inserted into the OM by
a paralog of Toc75, OEP80 (Eckart et al., 2002; Inoue and Potter,
2004; Schleiff and Soll, 2005; Day et al., 2014). According to this
hypothesis, the ancestral Omp85 homolog was duplicated either
before or after gaining a function in chloroplast import, with Toc75
specializing in protein import and OEP80 retaining the ancestral
function. Due to Toc75’s evolutionary origin, understanding how
chloroplast OM b-barrels are sorted in modern plants can help us
understand the mechanism by which the chloroplast protein
import apparatus evolved.
b-barrels are translated on eukaryotic ribosomes outside the

chloroplast, as are most chloroplast proteins. Due to their unique
position at the interface between the chloroplast and the cytosol
where proteins are translated, it seems possible that the OM
b-barrels could be inserted directly without first entering the
chloroplast through the TOC complex. The first chloroplast OM
b-barrel whose targetingwas investigatedwas Toc75. The import
of Toc75 shares many similarities with the import of other chlo-
roplast proteins. These include reliance on an N-terminal transit
peptide and use of the general import pathway (Tranel et al., 1995;
Tranel andKeegstra, 1996). Unlike proteins targeted to the interior
compartments of the chloroplast, Toc75 uses an additional tar-
geting peptide directly following the transit peptide. This peptide
contains a polyglycine stretch that is required for sorting to the
envelope (Inoue and Keegstra, 2003; Endow et al., 2016). It is
unclear how much of the mature region of Toc75 passes the OM
before insertion. Other OM b-barrels, including OEP24, OEP37,
OEP21,andOEP40,were later showntonotuseacleavable transit
peptide (Pohlmeyer et al., 1998; Bölter et al., 1999; Hofmann and
Theg, 2005; Harsman et al., 2016). We previously showed that the
OEP80 ortholog from Arabidopsis (Arabidopsis thaliana) was
processed to its mature size during in vitro import, suggesting it
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may use a transit peptide (Day et al., 2014). Unlike Toc75, the N
terminus of OEP80 does not contain a polyglycine stretch, so it is
not clear how it is sorted to the envelope.

Because of our limited understanding of the sorting of OM
b-barrels, we cannot rule out the possibility that they are directly
inserted intoOMwithoutfirst passing through theTOCmachinery.
Perhaps they are directly sorted to anOEP80-containing complex
from the cytosol. In bacteria, OM b-barrels are translated in the
interior, thenexported through theSecmachinery. Theyapproach
the OM from the periplasm, which is homologous to the chloro-
plast intermembrane space (IMS), then are folded and inserted by
anOmp85homolog (Voulhouxetal., 2003). If chloroplastb-barrels
are inserted from thecytosol,OEP80wouldhaveneeded toevolve
the capacity to accept substrates from the opposite side of the
membrane.AstudybySommeretal. (2011)proposed that suchan
adaptation was accomplished by a change in orientation of the
chloroplast Omp85 homologs. This possibility was especially
interesting because it suggested a compelling scenario for the
evolution of the TOC complex. Omp85 homologs share a con-
served domain layout, including a variable number of polypeptide
transport-associated (POTRA) domains and a C-terminal trans-
membrane b-barrel. The POTRA domains are thought to act as
receptors for incomingsubstrates (Sánchez-Pulido et al., 2003). In
bacteria, these are located in the periplasmandaccept substrates
recently released from the Sec translocase. Sommer et al. (2011)
proposed that, during evolution, the POTRA domains of the en-
dosymbiont’s Omp85 homolog shifted to face the cytosol. After
this shift, thehomologcouldacceptb-barrel substrates translated
on eukaryotic ribosomes. Later, the Omp85 homolog could have
evolved the capacity to accept new substrates that would pass
completely through theOMrather that insert into it, thus leading to
the evolution of the Toc75.

Althoughthishypothesisprovidesamolecularmechanismfor the
evolution of chloroplast protein import (that is, with the POTRA
domains facing the cytosol), later studies established that the ori-
entation of Toc75 is conserved with bacterial Omp85 homologs
(Chen et al., 2016; Paila et al., 2016). Sommer et al. (2011) used the
same experimental system to show that OEP80 faces the cytosol,
so this finding was also called into question. Assuming b-barrel
precursorsmustbe inserted fromthesamesideof themembraneas
the Omp85’s POTRAs, then they must first pass through the
chloroplast OM. On the other hand, if Omp85s can assemble
b-barrels fromeithersideof themembrane,chloroplastOMproteins
could be directly inserted from the cytosol. Although it has been
shown that Toc75 is at least partially imported through the import
apparatus, it isnotknown ifOEP80andOMb-barrels thatdonotuse
transit peptides enter the chloroplast through the TOC complex.

Results in this study from in vitro chloroplast import assays and
transientexpression inNicotianabenthamianademonstrate that the
N terminus of OEP80 behaves like a canonical transit peptide.
Unlike Toc75, OEP80’s N terminus is not responsible for envelope
sorting. Instead, the C-terminal transmembrane is required to
prevent full translocation into the stroma. We also show that the
reason OEP80 requires a transit peptide, while most other OM
b-barrelsdonot, isdue to its IMS-localizedPOTRAdomains.Lastly,
results from import competition assays and pulldowns after tran-
sient expression suggest that both OM b-barrels with or without
transit peptides use components of the general import apparatus.

RESULTS

The N Terminus of OEP80 Is Removed After Import

Results from our previous work showed that the OEP80 ortholog
from Arabidopsis (AtOEP80) was processed to its mature size
during invitro importassays (Dayetal., 2014). This suggested that,
like Toc75, it may use N-terminal targeting information. To test if
the processing of AtOEP80 occurred at the N terminus, we added
aC-terminal T7 tag to theprecursor and thencheckedwhether the
tag remained after processing (Figure 1). Figure 1A shows that the
processed, tagged protein retained the slight increase in size over
theuntaggedversion,meaning theprocessingmustoccurat theN
terminus. As previously reported, three processed bands appear
after import. The smallest of these bands comigrates with en-
dogenous AtOEP80 (Day et al., 2014). The signal from the tagged
form of the protein appears more intense than the untagged likely
due to the three additional Met residues in the T7 sequence. To
confirm that the processing occurs at the N terminus, we per-
formed in vitro import of a construct lacking the C-terminal
transmembrane b-barrel (Figure 1B). This construct was im-
ported and processed, demonstrating that the processing occurs
at the N terminus and that the transmembrane b-barrel is not
required for import. Lastly, import of OEP80 orthologs fromPisum
sativum (pea) and Hordeum vulgare (barley) into isolated pea
chloroplasts showed that they are also processed (Figure 1C).
This indicates that the presence of N-terminal targeting in-
formation is not unique to Arabidopsis OEP80. Indeed, the
program ChloroP (DTU Bioinformatics; http://www.cbs.dtu.dk/
services/ChloroP/) predicts the presence of transit peptides on
many OEP80 orthologs throughout Viridiplantae (Supplemental
Figure 1).

OEP80 Is Processed by the Stromal Processing Peptidase

Early studies demonstrated that transit peptides from several
chloroplast proteins can be removed during incubation with the
soluble fraction from chloroplasts due to the presence of the SPP
(Robinson and Ellis, 1984; Tranel and Keegstra, 1996; Richter and
Lamppa, 1998). This was the case for OEP80 frompea (PsOEP80;
Figure 2), but not AtOEP80 (Supplemental Figure 2). EDTA in-
hibited this processing (Figure 2A), supporting the hypothesis that
PsOEP80 is processed by the SPP, which requires a zinc ion
(VanderVere et al., 1995). During import, Toc75 is sequentially
processed by the SPP, then plastidic type I signal peptidase1
(Plsp1; Tranel and Keegstra, 1996; Inoue et al., 2005). Re-
combinant Plsp1 was capable of processing Toc75 to its mature
size but did not affect PsOEP80 (Figure 2B), suggesting PsOEP80
is only processed by the SPP. To further test that the SPP is
responsible, we performed processing competition assays with
recombinant precursor of the small subunit ofRUBISCO (prRSSU)
or with the mature small subunit of RUBISCO (mRSSU). Inclusion
of prRSSU, but not of mRSSU, prevented the processing of
PsOEP80, showing that they are processed by the same pepti-
dase (Figure 2C). Results from an additional in vitro processing
competition assay are included in Supplemental Figure 3. These
results indicate that unlike Toc75, a portion of the mature
PsOEP80 must reach the stroma. It is not clear why the
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Arabidopsis OEP80 was not processed by the soluble extract.
Perhaps it isprocessedbyadifferentproteaseordoesnotadopt the
proper conformation while soluble. Notably, in another study Tic22
was also not processed by a chloroplast soluble extract (Vojta
et al., 2007).

OEP80 Requires an N-Terminal Transit Peptide for Import of
IMS-Localized Domains

Like many chloroplast proteins, AtOEP80 is predicted to contain
a transit peptide by the program ChloroP (Emanuelsson et al.,
1999).We asked if the predicted transit peptide, hereafter referred
to as “80TP,” is required for chloroplast import. ChloroP predicts
that the first 93 amino acids of the AtOEP80 constitute the transit
peptide (Supplemental Figure 1; Emanuelsson et al., 1999). We
performed an in vitro import reaction with a construct lacking
amino acids 2 to 93 (mOEP80; Figure 3). Note that the AtOEP80
constructs labeled as prOEP80 in figures showing results from
in vitro import assays start at the second Met of the predicted
AtOEP80sequence, aminoacid53,because the regionbefore this

Figure 1. OEP80 Is Processed at the N Terminus.

(A) In vitro-translated, radiolabeled AtOEP80 6 a C-terminal T7 tag were
incubated with isolated chloroplasts (import). After 20 min the chloroplasts
were reisolatedand runonSDS-PAGEnext to10%of the translationproduct
input (TL). Radioactive bands were detected with autoradiography.
(B) In vitro-translated, radiolabeled AtOEP80 6 the C-terminal trans-
membrane b-barrel were incubated with isolated chloroplasts. After 20
min, the chloroplasts were reisolated, then treated with or without ther-
molysin or solubilized with 1% (v/v) Triton X100 (TX100) and treated with
thermolysin. The protease was stopped with 10-mM EDTA. Intact chloro-
plastswere reisolated. Proteins in the solubilized samplewere precipitated
in 80% (v/v) acetone. Sampleswere run onSDS-PAGE and visualized as in
(A). In (A) and (B), the asterisks (*) near the TL lane indicate bands resulting
from translation starting at the second and/or third methionines in the
coding sequence. The pound sign (#) indicates additional processed
bands, other than the mature-sized one.
(C) In vitro-translated, radiolabeledOEP80orthologs frompea (P.sativum) and
barley (H. vulgare) were incubated with isolated chloroplasts. After 20 min, the
chloroplastswere reisolatedandhalfwere lysed in10-mMHEPESatpH8.0and
10-mMMgCl2. The soluble (S1) and membrane fractions were separated by
centrifugation. Themembranes were washed with 0.1-M sodium carbonate.
Thewash (S2) and pellet (P) were separated by centrifugation. Sampleswere
run on SDS-PAGE and visualized as in (A). pr, precursor; m, mature.

Figure 2. OEP80 Is Processed by the SPP.

(A) In vitro-translated, radiolabeled precursors were incubated in lysis
buffer or chloroplast soluble extractwith orwithout 50-mMEDTA.Samples
were run on SDS-PAGE and radioactive bands were detected with
autoradiography.
(B) The same precursors were incubated with recombinant Plsp1, Boiled
Plsp1, or empty buffer. Results were visualized as in (A).
(C)Precursorswere incubated inchloroplast solubleextractwithorwithout
urea-solubilized recombinantprecursor (prRSSU)ormRSSU.Resultswere
visualized as in (A). i, intermediate.
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was not required for targeting and function in vivo (Hsu et al.,
2012), and this was the construct used in our previous work (Day
et al., 2014).mOEP80wasnot imported into isolated chloroplasts,
indicating that the 80TP is required for chloroplast targeting
(Figure 3A). Importantly, the size of the engineered mOEP80 is
slightly larger than theprocessedOEP80,meaning the real cut site
is a bit downstream of the 93rd amino acid. Interestingly, if the
POTRA domains were removed in addition to 80TP leaving only
the transmembrane domain, chloroplast import was restored
(Figure 3A). Like other OM b-barrels, it appears that the
AtOEP80 b-barrel has intrinsic chloroplast targeting information.
This leads to a compelling answer to the question of why Toc75
and OEP80 require N-terminal targeting information whereas
other OM b-barrels do not—80TP seems to be required to fa-
cilitate the import of the POTRA domains. To further support this
hypothesis,weaddedAtOEP80’sPOTRAdomains to anotherOM
b-barrel, OEP24b, which is encoded by the A. thaliana gene
At5g42960. OEP24 is imported into isolated chloroplasts without
processing (Figure 3B, right). The band in the translation product
and import lanes at 20 kD is a result of translation from the third
Met. When the POTRA domains from AtOEP80 are added to
OEP24, import is abolished (Figure 3B, center). OEP24 has in-
trinsic targeting information; however, this signal is not sufficient
to accommodate additional protein sections. Addition of 80TP
before the POTRAs on this chimeric construct restored import
(Figure 3B, left).

Envelope Sorting of OEP80

At this point, our results show that OEP80 uses a cleavable transit
peptide for chloroplast targeting. Because it lacks a polyglycine

stretch like Toc75, it is not clear how OEP80 is sorted to the
envelope. Due to itsOM localization, endogenousOEP80 is found
in amembrane fraction and is digested during trypsin treatment of
intact chloroplasts (Hsu et al., 2012). Trypsin is a protease that is
believed tohaveaccess toproteins inboth thechloroplastOMand
IMS (Cline et al., 1984; Kouranov et al., 1998). Our previous results
using in vitro import assays showed that themajority of processed
AtOEP80 was in the soluble fraction and protected from trypsin
(Day et al., 2014). This indicates that in vitro import assays do
not reliably report the sorting of OEP80 to the envelope. To ad-
dress this, we employed transient expression in N. benthamiana
(Figure 4). Transiently expressed T7 tagged AtOEP80 displayed
properties in common with endogenous OEP80, including pro-
tection from thermolysin but not trypsin, and recovery in the
membrane upon chloroplast fractionation (Figure 4B).
To determine the sections of AtOEP80 necessary for envelope

sorting, we transiently expressed constructs tagged with the
citrine variant of yellow fluorescent protein (YFP; Griesbeck et al.,
2001) and then analyzed their localization in isolated chloroplasts
usingprotease treatments.AconstructwithYFP replacing thefirst
and second POTRA domains was protected from thermolysin but
degraded by trypsin, suggesting that it was properly sorted to the
envelope (Figures 4C and 4D, construct 1). Interestingly, a band
corresponding in size to the unprocessed chimeric protein also
appeared. This was degraded by thermolysin, indicating that it
could represent an early binding intermediate. When 80TP was
removed, the resulting protein associated with the chloroplasts
but was degraded by thermolysin (Figure 4C, construct 2),
demonstrating that the YFPmoiety was not taken across the OM.
A construct that did not contain the transmembrane b-barrel
was predominantly resistant to trypsin, indicating its stromal

Figure 3. The N Terminus of OEP80 Is Necessary for the Import of the IMS-Localized POTRA Domains But Not the Transmembrane Domain.

(A) In vitro-translated, radiolabeled sections of AtOEP80 (illustrated below the gels) were incubated with isolated chloroplasts (import). Chloroplasts were
reisolated, then treatedwith orwithout thermolysin or solubilizedwith 1% (v/v) Triton X100 (TX100) and treatedwith thermolysin. The proteasewas stopped
with 10-mM EDTA, and intact chloroplasts were reisolated. Proteins in the solubilized sample were precipitated in 80% (v/v) acetone. Samples were
separated by SDS-PAGEnext to 10%of the input translation product (TL). Radioactive bandswere detectedwith autoradiography. 80TP, transit peptide of
OEP80; u, uncharacterized region between the transit peptide and the first POTRA. The three POTRA domains are labeled as “1,” “2,” and “3.” The pound
sign (#) indicates additional processed bands, other than the mature-sized one.
(B) In vitro-translated, radiolabeledOEP24 andOEP80-OEP24 chimeras were incubatedwith isolated chloroplasts, then treated as in (A). pr, precursor; m,
mature.
In both (A) and (B), the asterisks (*) near the TL lane indicates bands resulting from translation starting at the second and/or third methionines in the coding
sequence.
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localization (Figure4D,construct3).Anotherconstruct lackingany
part of OEP80other than theN-terminal targeting informationwas
mostly resistant to both proteases, indicating that it had passed
into thestroma (Figures4Cand4D,construct4).Faintdegradation
products did appear after trypsin treatment for both C-terminal
truncation constructs, suggesting that a small amount of these
proteins might be sorted to the envelope or stalled in the trans-
locon. These faint bands might also arise due to incomplete
quenchingof the trypsinafter the treatment. These results suggest
that the N terminus of AtOEP80 is sufficient for chloroplast lo-
calization, but not envelope sorting. Instead, some portion of the
third POTRA and/or the transmembrane region is responsible for
envelope sorting.

Import of Chloroplast OM b-Barrels Competes with Import
of RSSU

Hitherto, the only chloroplast OM b-barrel known to use the
general import pathway was Toc75 (Tranel et al., 1995). If OEP80
uses a canonical transit peptide, it should enter the chloroplast
through the general import apparatus. To test this, we performed
import competitionassayswith recombinantprecursor toprRSSU

(Figure 5). Import of both the Arabidopsis and pea orthologs
of OEP80 was reduced by prRSSU, but not the mature form
(mRSSU), indicating that they share the same translocon (Figures
5A and 5B, top). We also asked whether b-barrels that do not use
transit peptides enter through the general import apparatus. To
answer this, we includedOEP24 and a synthetic truncated formof
PsOEP80 b-barrel in these experiments. These also competed
with prRSSU (Figure 5B, bottom). Together, our results suggest
that chloroplast OM b-barrels engage at least the TOC complex
regardless of the presence of a transit peptide. Additional import
competition assays are included in Supplemental Figure 3.

Transiently Expressed Chloroplast OM Proteins Interact
with TOC Components

Other studies identified components of the chloroplast import
assay by stalling substrates in the import apparatus during in vitro
import assays (Kessler et al., 1994; Schnell et al., 1994). A similar
approach was used to show that chloroplast OM a-helix trans-
membrane proteins use Toc75 (Tu et al., 2004). Production of
import-competent recombinant protein can be difficult, so we
used an alternative approach. Recent studies have shown that

Figure 4. The N Terminus of OEP80 Is Sufficient for Targeting to the Chloroplast But the C Terminus is Required for Envelope Sorting.

(A)Diagramof constructs tested. 80TP, transit peptide ofOEP80; u, uncharacterized region between the transit peptide and first POTRA. The three POTRA
domains are labeled as “1,” “2,” and “3.”
(B) Chloroplasts were isolated from plants transiently expressing a T7-tagged version of OEP80. Chloroplasts were treated with no protease, trypsin, or
thermolysin. Proteases were quenched, then the chloroplasts were reisolated. Chloroplasts were fractionated into soluble (S) and membrane (M). T, Total
chloroplasts. Results were visualized by immunoblot with an anti-T7 antibody.
(C)Chloroplastswere isolated fromplants transiently expressingYFP-tagged sections ofOEP80. Thechloroplastswere treatedwith orwithout thermolysin
or solubilized with 1% (v/v) Triton X100 (TX100) and treated with thermolysin. After 30 min, the protease was quenched, and intact chloroplasts were
reisolated. Proteins in the solubilized samplewere precipitated in 80% (v/v) acetone. Sampleswere visualized by immunoblottingwith anti-GFPantibodies.
A nonspecific band recognized by the GFP antibody is indicated with an asterisks (*).
(D) The same experiment was performed as in (C), but with trypsin rather than thermolysin. Immunoblots of endogenous Toc75 and Tic110 are included as
trypsin-sensitive and -insensitive controls, respectively.
In (C) and (D), the identities of bands are indicated by their number in (A) aswell as “pr” to indicate the precursor form, “m” to indicate the processed form, or
“d” to indicate degradation products. Free YFP that is the result of degradation of the OEP80 sections is indicated as “YFP.”
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under some conditions, protein import into organelles can stall
in vivo. Lee et al. (2018) showed that mutation of key Pro residues
in the transit peptide of a thylakoid protein led to accumulation at
the chloroplast OM during transient expression in Arabidopsis
protoplasts. Also, Weidberg and Amon (2018) demonstrated that
overexpressionofmitochondria innermembraneproteins thatuse
a stop transfer signal in yeast led to accumulation of other mi-
tochondrial proteins in the import apparatus.

Our experiments using transient overexpression in N. ben-
thamiana suggested that a similar phenomenon takes place for
chloroplastOMb-barrels (Figure 6).We transiently overexpressed
variousportionsofAtOEP80 fused toYFP (Figure 6A). Ascontrols,
we used YFP without a chloroplast targeting signal and YFP with
the transit peptide from the thylakoid and innermembrane protein
Plsp1. When the YFP-tagged proteins were immunoprecipitated
from solubilized chloroplasts with GFP affinity beads, the con-
structs that contained portions of AtOEP80 co-eluted with
Toc159, whereas the others did not (Figure 6A). Toc75 also

appeared to co-elute; however, the antibody also detected faint
bands in the controls that came from the affinity beads. This may
bebecause theGFPbindingproteinwaspurified inasimilarwayas
the original antigen used to generate the Toc75 antibody. In-
terestingly, constructs lacking one of either the transit peptide or
theb-barrel pulleddownTOCcomponents, suggesting that either
are sufficient for interaction with the import apparatus. The YFP
construct containing the transit peptide of Plsp1 did not pull down
components of the TOC, even though it presumably uses the
import apparatus. This is likely due to the higher import efficiency
resulting in very little of it stalling in the translocon.
Overexpressed, T7-tagged Arabidopsis OEP24 and OEP40

also pulled down Toc75 (Figure 6B). Toc75 was not pulled down
when chloroplasts fromuninfiltrated leaveswere used (Figure 6B).
Unlike the tagged OEP80 fragments, OEP24-T7 and OEP40-T7
did not pull down Toc159. It is not clear why this is the case, but it
may be that they only use Toc75, as has been proposed for OM
a-helical proteins (Tu et al., 2004). Neither sets of tagged OM
b-barrels pulled down Tic40 (Figures 6A and 6B). This suggests
that either theseproteinsdonot use theTIC,Tic40 isnotpart of the
TIC, or under the conditions used the substrate did not remain
bound to theTICcomplex. Inaggregate, these results indicate that
chloroplast OMb-barrels, including those that do not use a transit
peptide, enter the chloroplast through the TOC complex.

DISCUSSION

Mitochondria and chloroplast OMs contain proteins with both
a-helical andb-barrel transmembrane domains. The vastmajority
of these differ from internal organellar proteins in that they do
not require cleavable N-terminal targeting information; only the
chloroplast b-barrel protein Toc75 was shown to be an exception
(Tranel et al., 1995; Tranel andKeegstra, 1996). Exactly why it was
an exception was not clear because its paralog, OEP80, was
originally thought to not use a transit peptide (Inoue and Potter,
2004).Ourmore recent resultssuggested thatOEP80does indeed
use a transit peptide (Figures 1 and 2; Day et al., 2014). This led us
to hypothesize that the IMS-localized POTRA domains found in
both Toc75 and OEP80 may be the reason they require transit
peptides. Our results shown in Figure 3 support this hypothesis.
Also, even when the first two POTRA domains are replaced with
YFP, the protein could not pass theOMwithout the transit peptide
(Figure 4C). This suggests that any large IMS-localized domain
probably would require a transit peptide for proper targeting. On
the other hand, chloroplast OM b-barrels that primarily consist of
a transmembrane domain, including OEP24 and OEP40, do not
require cleavable transit peptides. Instead, they must rely on in-
trinsic information within the mature protein. The exact location
and nature of this intrinsic information is not clear. A recent study
by Klinger et al. (2019) implicated the penultimate b-strand in
distinguishing targeting between the chloroplast and mitochon-
dria. This may represent the chloroplast import signal. Because
removal of the POTRA domains from OEP80 allows import of the
b-barrelwithout the aid of a transit peptide, full-lengthOEP80may
contain both types of targeting information.
Even thoughOEP80 is an outer envelope protein, the fact that it

is related to Toc75 and shares a similar domain layout makes it
seems unremarkable that it also uses a transit peptide. However,

Figure 5. Import OM b-Barrels With or Without Cleavable Targeting In-
formation Competes with Import of a Stromal Protein.

(A) In vitro-translated, radiolabeled precursors were incubated with iso-
lated pea chloroplasts in the presence or absence of guanidine-solubilized
recombinant prRSSU or mRSSU. After 20 min, chloroplasts were reiso-
lated through 40% (v/v) Percoll.
(B) In vitro-translated, radiolabeled precursors were incubated with iso-
lated chloroplasts in the presence or absence of recombinant prRSSU or
mRSSU. The radiolabeled PsOEP80 barrel, AtOEP24, and prRSSU were
imported into the same chloroplasts. After 20 min, chloroplasts were
reisolated through 40% (v/v) Percoll, treated with thermolysin, then
reisolated again.
In both (A) and (B), samples were separated by SDS-PAGE next to 10%
(AtOEP80, AtToc75, PsOEP80) or 3.3% (PsOEP80 barrel, AtOEP24, and
PsprRSSU) of the input translation product (TL). Radioactive bands were
detected with autoradiography. pr, precursor; i, intermediate; m, mature.
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theN terminus ofOEP80 lacks the polyglycine stretch required for
envelope sorting of Toc75. Some OEP80 orthologs have short
regions of glycines, but many do not (Supplemental Figure 1).
Considering that even small changes to the Toc75 polyglycine
region leads to mistargeting (Baldwin and Inoue, 2006), it seems
unlikely that OEP80’s N terminus would be sufficient for envelope
sorting. Indeed, our results show that OEP80’s N terminus takes
YFP completely into the stroma and that proper envelope sorting
requires theb-barrel at theC terminus (Figure 4D). It remains to be
shownhow theb-barrel leads to envelope sorting. Perhaps import
of OEP80 is coupled with insertion of the transmembrane domain
and the tight association with the OM prevents full translocation
through the TIC. On the other hand, the nascent OEP80 may be
passed toanOEP80-containingassemblycomplex,whichbinds it
tightly enough to prevent translocation. If either of these are
correct, it seemscurious that Toc75could not use a similar sorting
mechanism. Further studies are needed to discover the reason for
their distinct envelope-sorting mechanisms.

Similar to BamA in bacteria, ancestors of Toc75 and OEP80
likely functioned in b-barrel assembly and insertion. During the
early stages of chloroplast evolution, this ancestral Omp85 ho-
molog was selected to act as a general protein import pore. The
molecular reason thisproteinwasselected remainsunknown.One

hypothesis that has been proposed is that transmembrane
b-barrels were the first proteins to be targeted to the endosym-
biont from thehost cytosol (Gross andBhattacharya, 2009). In this
scenario, the ancestral Omp85 was capable of inserting sub-
strates from the exterior of the endosymbiont cell. The ancestral
Omp85 then gained the ability to accept other substrates and
transfer them completely through the OM. At some point this
protein diverged into Toc75, which specialized in non-b-barrels,
and OEP80, which specialized in b-barrels. If this is the case, an
OEP80-containing complex should be capable of directly in-
serting b-barrels from the cytosol. Our results showing that
b-barrels use the TOC complex indicate that they are not directly
inserted from the cytosol by an OEP80-containing complex. In-
stead, they favor the previously proposed model that predicts
b-barrels traverse theOMbefore being inserted from the IMS side
of themembrane (Leeetal., 2014;Richardsonet al., 2014;Dayand
Theg, 2018). Thismodel is comparable tob-barrel targeting to the
mitochondrial OM where insertion by the Omp85 containing
sorting and assembly machinery is coupled to import through the
TOMmachinery (Qiuetal., 2013). Furthermore, our results indicate
thatbothToc75andOEP80require transit peptides forchloroplast
sorting. This makes it unlikely that the functional copies of their
ancestral genes could have migrated to the host nucleus before

Figure 6. Transiently Expressed Sections of OEP80 and OEP24 Pull Down TOC Components.

(A) Diagram of constructs used (left). Chloroplasts from plants transiently expressing YFP-tagged constructs were solubilized with 1% (w/v) dodecyl-
maltoside (input) and mixed with GFP affinity beads. Beads were washed, then bound proteins eluted. The inputs and eluates were subjected to im-
munoblotting with antibodies against GFP, Toc159, Tic40, and Toc75. The blot for GFP, Toc159, and Tic40 are from onemembrane each; however, some
regions were removed for clarity (indicated by dotted white and black lines). The asterisks indicate bands from the GFP affinity beads recognized by the
Toc75 antibody.One of these comigratedwith Toc75, but eluates 1, 2, and 3 showed ahigher signal in this region. 80TP, transit peptide ofOEP80; Plsp1TP,
transit peptide of Plsp1; u, uncharacterized region between the transit peptide and the first POTRA. The three POTRA domains are labeled as 1, 2, and 3.
(B) Chloroplasts from uninfiltrated (UI) plants or plants transiently expressing T7-tagged OEP24 (24T7) or OEP40 (40T7) were solubilized with 1% (w/v)
dodecyl-maltoside (input) and mixed with T7 affinity beads. The inputs and eluates were subjected to immunoblotting with antibodies against T7, Toc75,
Toc159, and Tic40.
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the evolution of a protein import apparatus that could handle
transit peptides.

In summary, we demonstrate that the N terminus of OEP80
behaves like a canonical transit peptide. It is removed by the SPP
(Figure2). It is necessary for the importof the IMS-localizedPOTRA
domains, but an OEP80 construct consisting only of the b-barrel
did not require the transit peptide for chloroplast targeting. This
suggests that, like other b-barrels, its transmembrane domain
contains intrinsic targeting information (Figure 3). Lastly, The N
terminus of OEP80 is sufficient for the import of heterologous
passenger proteins into the stroma, but the C terminus prevents
OEP80 from completely crossing the envelope membranes (Fig-
ure 4). Our results also show that OEP80 and b-barrels without
transit peptides use the TOC complex (Figures 5 and 6). Further
studies are needed to determine how chloroplast b-barrels are
inserted into the OM, and what other proteins are involved.

METHODS

Plasmids

TheuntaggedArabidopsis (Arabidopsis thaliana)OEP80constructused for
import experiments shown inFigures 1Aand5Aand theToc75construct in
Figures 2 and 5A were the same as those used in Day et al. (2014). OEP24
used in Figure 5B was derived from the coding sequence of At5g42960 in
the pGEM-T Easy vector (Promega) under the SP6 promotor. The barley
OEP80 was clone AK355572 at https://barleyflc.dna.affrc.go.jp/bexdb/
index.html (Sato et al., 2009; Matsumoto et al., 2011). The TPPlsp1-YFP
construct was the same as described in Endow and Inoue (2013).

PsOEP80, PsOEP80Daa12318 (PsOEP80 b-barrel in Figure 5B), and the
T7-tagged Arabidopsis OEP80-T7 (Figures 4A and 4B), OEP80Daa1252-T7
(prOEP80 in Figures 1B and 3A), OEP80Daa2293-T7 (mOEP80 in Figure 3A),
OEP80Daa22386-T7 (OEP80 b-barrel in Figure 3A), OEP24-T7, and OEP40-
T7wereclonedusingtheGatewayCloningsystem(ThermoFisherScientific).
The coding sequences were amplified using PCR, and the nucleotide
sequences encoding the T7 tag and gateway Attb sites were added via
primer overhangs. The templates for the PsOEP80 construct were
Pisum sativum cDNA. The sequence cloned corresponds to contig
p. sativum_CSFL_reftransV2_0048650 at www.coolseasonfoodlegume.
org (Humann et al., 2017). The template for the Arabidopsis OEP80-T7was
the OEP80 plasmid described in Day et al. (2014). Plasmids containing
these full-length constructs served as templates for their truncated forms.
The template for OEP24-T7 was the OEP24 plasmid described in the
previous paragraph. The template for OEP40-T7 was A. thaliana genomic
DNA, because the gene, At3g57990, does not contain introns. The PCR
fragments were cloned into pDONR207 using BP Clonase II enzyme mix
(cat. no. 11,789,020; Invitrogen).

Coding sequences for the fusion protein constructs including
AtOEP80Daa1-52; Daa4002732-OEP24-T7 (80TP-POTRA-OEP24 in Figure 3),
AtOEP80Daa2-93;Daa4002732-OEP24-T7 (80POTRA-OEP24 in Figure 3),
AtOEP80 aa1-158(GGGS)-Citrine-(GGSGGGSG)-OEP80 aa313-732-T7 (80TP-
YFP-P3-Bar-T7 inFigures4and6),andCitrine-(SGGGSG)-OEP80aa313-732-T7
(YFP-P3-Bar-T7 in Figures 4 and 6), were produced using sections of the
constructs listed in the previous paragraph and the long flanking overhang
PCR method described in Endow and Inoue (2013). These constructs were
also initially placed on pDONR207.

The constructswithC-terminal deletions, includingAtOEP80Daa1-52;Daa4012732-T7
(prOEP80Db-barrel in Figure 1B), 80TP-YFP-P3-T7 (Figures 4 and 6),
and 80TP-YFP-T7 (Figure 4), were created by PCR amplification of
entire plasmids OEP80Daa1252 and 80TP-YFP-P3-Bar-T7 on pDonr207 with
primers flanking the region to be deleted. Thismethod is commonly referred

to as “round-the-horn”PCR (Moore andPrevelige, 2002;Moore, 2018). For
prOEP80Db-barrel and 80TP-YFP-P3-Bar-T7, amino acids 401–732 from
theArabidopsisOEP80proteinsequenceweredeletedandaHiscodonwas
added between the OEP80 sequence and the T7 tag sequence, creating
a NdeI cut site. For 80TP-YFP-T7, an additional sequence encoding the
amino acid sequence “GGSRITK” was added using primer overhangs.

All constructsonpDONR207werecloned intodestination vectors using
LRClonase II enzymemix (cat. no. 11,791,100; Invitrogen). The destination
vector used for in vitro import and processing assays was pIVTGW-SP6,
described in Endow et al. (2015). The destination vector used for transient
expression was pMDC32 (Curtis and Grossniklaus, 2003).

In Vitro Import and Processing Assays

In vitro import assays and post-import thermolysin treatments were per-
formed as in Day et al. (2014). Loading of all import reactions was nor-
malized based on chlorophyll content. For the import competition assay
shown in Figure 5A, recombinant prRSSU and mRSSU were produced as
described in Perry and Keegstra (1994). The guanidine-solubilized
recombinant protein was added to import reactions 5 min before the
radiolabeled precursors. For the competition assay shown in Figure 5B,
C-terminally hexa-His–tagged RSSU constructs were expressed in bac-
teria and purified with Ni-NTA Agarose (Qiagen) under denaturing con-
ditions following themanufacturer’s protocol. The urea-denatured purified
proteinwasbuffer-exchanged to50-mMHEPES-KOHat pH8.0withUltra-
15 10K centrifugal filters (cat. no. UFC901024; Millipore). The concen-
tration of the recombinant proteinwasmeasuredbyCoomassie staining of
SDS-PAGE and comparison to bovine serum albumin standards. The
recombinant protein was added to import reactions 5 min before the
addition of the radiolabeled precursors.

Plsp1 processing assays were performed as described in Midorikawa
et al. (2014). For chloroplast soluble extract processingassays, isolatedpea
chloroplastswere lysed in lysis buffer (10mMofHEPES-KOHat pH8.0 and
10 mM of MgCl2) at a concentration of 0.25 mg of chlorophyll/mL lysis
buffer. Membranes were pelleted at 16,200g for 10 min at 4°C. The
supernatantwasconcentrated fourtimes inanAmiconUltra-430Kcentrifugal
filter (cat. no. UFC803008; Millipore). The concentrated soluble extract was
incubated with translation product at 7 mL:1 mL for 2 h at room temperature.
For processing competition assays, recombinant prRSSUandmRSSUwere
produced as in Perry and Keegstra (1994), however, inclusion bodies were
solubilized in a buffer containing 8 M of urea, 10 mM of Tris, and 100mM of
sodium phosphate at pH 8.0 rather than a guanidine-containing buffer.

Transient Expression in Nicotiana benthamiana

Five-mL seed cultures ofAgrobacterium tumefaciensGV3101were grown
overnight in Luria-Bertani mediumwith 50mg/mL of kanamycin, 25mg/mL
of gentamycin, and 34 mg/mL of rifampicin at 28°C. The agrobacteria
contained the indicated constructs on pMDC32 (Curtis and Grossniklaus,
2003) or the suppressor of silencing, tomato bushy stunt virus p19 (Voinnet
et al., 2003). Thirty-fivemL Luria-Bertani mediumwith the same antibiotics
was added to the seed culture and grown for 3 h to 4 h. Bacteria were
pelleted and resuspended to an optical density600 of 0.5 in induction buffer
containing 10mMofMES-KOH at pH 5.6, 1 mMofMgCl2, 0.2% (w/v) Glu,
and0.3mMofacetosyringone.Bacteriawere incubated in thisbuffer for 2h
at 28°C with gentle shaking. Bacteria were pelleted and resuspended in
injection buffer containing 5% (w/v) Suc and 0.3 mM of acetosyringone.
Agrobacteria containing test constructs and p19 were mixed at a 4:1 ratio.
The resulting solutions were injected into 4 to 8 leaves of 4- to 6-week–old
N. benthamiana. Plants remained in a growth chamber for 3–4 d before
analysis. Plantswere grownbefore and after infiltration in amodel no. CMP
5090 with Metal Halide lighting set (Conviron) to level 2, a 12-h light/dark
cycle, 22°C, and 52% relative humidity.
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Nicotiana Chloroplast Isolation and Protease Treatment

Infiltrated plants were placed in darkness the evening before chloroplast
isolation to prevent overaccumulation of starch. Infiltrated leaves were
homogenized in a small kitchen blender with 40 mL of grinding buffer
containing 50 mM of HEPES-KOH at pH 8.0, 330 mM of sorbitol, 2 mM of
EDTA, and0.5%(w/v)BSA. Thismixturewaspassed throughcheesecloth,
then centrifuged for 5 min at 4,000 rpm at 4°C in a model no. HB6 rotor
(Beckman). The resulting pellet was resuspended in grinding buffer and
loadedoveraPercoll stepgradient. Thegradientwascentrifuged for10min
at 7,000 rpm at 4°C and intact chloroplasts were collected from the in-
terface of 40% (v/v) and 80% (v/v) Percoll solutions. Chloroplasts were
washed and resuspended in import buffer.

For thermolysin (cat. no. P1512, Sigma-Aldrich) treatments, both
chlorophyll and protease were brought to 0.25 mg/mL in import buffer
containing 2.5mMofCaCl2. Themixtures were incubated on ice for 30min
with mixing at 15 min, after which thermolysin was inhibited with EDTA at
a final concentration of 10mM. Intact chloroplastswere reisolated through
1 mL of 40% (v/v) Percoll in import buffer with 10 mM of EDTA. For trypsin
treatments, chlorophyll was brought to 0.333 mg/mL and trypsin (cat. no.
T1426; Sigma-Aldrich) to 0.2 mg/mL in import buffer. The suspensions
were incubated on ice for 15 min. Chloroplasts that had settled at the
bottom of the tube were resuspended by gentle pipetting then incubated
for an additional 15 min on ice. Trypsin was inhibited by the addition of
soybean trypsin inhibitor (cat no. T9003; Sigma-Aldrich) to a final con-
centrationof1mg/mL. Intactchloroplastswere reisolated through40%(v/v)
Percoll in import buffer containing 0.1 mg/mL of trypsin inhibitor. The pellet
was washed two times with import buffer containing 0.1 mg/mL of trypsin
inhibitor. Theproteins fromchloroplasts solubilizedby1%(v/v) TritonX-100
were precipitated with 80% (v/v) cold acetone.

Immunoprecipitations from Solubilized Chloroplasts

GFP affinity beads were prepared as described in Katoh et al. (2015).
Briefly, a fusion protein containing glutathione S-transferase and the GFP
binding nanobody was produced in Escherichia coli and bound to gluta-
thionesepharose.Chloroplastswerebrought to0.5mg/mL insolubilization
buffer containing 25mMof HEPES-NaOH at pH 7.5, 50mMof NaCl, 2mM
of EDTA, 2 mM of EGTA, 1 mM of phenylmethylsulfonyl fluoride, 1% (v/v)
plant protease inhibitor cocktail (cat. no. P9599; Sigma-Aldrich), and 1%
(w/v) N-Dodecyl b-D-maltoside (DDM). Insoluble material was pelleted by
centrifugation at 18,000g for 30 min at 4°C. The solubilized chloroplast
solution wasmixed with buffer-equilibrated GFP affinity beads at a ratio of
1 mL of chloroplast solution to 40 mL of bed-volume beads. The mixture
was rotated end-over-end for 4 h at 4°C. The beads were pelleted and
washed three times with solubilization buffer, and then two times with
50mMofTris-HCl at pH8.0with0.5% (w/v)DDM.Theboundproteinswere
eluted in 50 mM of Tris-HCl at pH 8.0 with 0.5% (w/v) DDM and 10 mM of
reduced glutathione.

Chloroplasts used for T7 protein purification were solubilized as de-
scribed in the previous paragraph, except the buffer contained 125 mM of
NaCl rather than 50 mM, as well as 9 mM of KCl. Solubilized chloroplast
solution was mixed with T7 affinity agarose (cat. no. 69,026; Millipore) at
a ratio of 1.5-mL to 100-mL bed volume beads. The mixture was rotated
end-over-end for3hat4°C.Thebeadswerepelletedandwashedfive times
with solubilizationbuffer.Boundproteinswereelutedwith100mMofGly at
pH 2.2 and 0.5% (w/v) DDM.

Antibodies

Antibodies against Toc75, Toc159, and Tic110 were used as described in
Hsu et al. (2012). Tic40 antiserawas diluted 1:6,000 in blocking buffer (Tris-
bufferedsalinewith0.5%[v/v]TWEEN20and5%[w/v]milkprotein). TheT7
antibody (cat. no. AB3790;Millipore)wasdiluted1:3,000 inblocking buffer.

Citrine-taggedconstructsweredetectedusingapolyclonalGFPantiserum
(cat. no. sc-8334; Santa Cruz Biotechnology) diluted 1:5,000 in blocking
buffer. Secondary antibodies were goat anti-rabbit–conjugated to horse-
radish peroxidase (cat. no. 074-1506; Kirkegaard and Perry Laboratories)
and goat anti-rabbit–conjugated to alkaline phosphatase (cat. no. ADI-SAB-
301-J; Enzo).

Accession Numbers

Protein sequences for the proteins analyzed in this article can be found in
the GenBank/EMBL data libraries under accession numbers AtOEP80
(Q9C5J8.1), AtToc75 (Q9STE8.1) AtOEP24 (Q8H0Y1.1), AtOEP40
(NP_191358.1), AtPlsp1 (ANM63871.1), and HvOEP80 (BAJ86791.1). The
full protein sequence of PsOEP80 is not available on GenBank, but the
transcript sequence can be found at the Cool Season Food Legume Crop
Database (Humann et al., 2017), https://www.coolseasonfoodlegume.org/,
as the sole coding sequence on contig p. sativum_CSFL_reftransV2_
0048650.

Supplemental Data

Supplemental Figure 1. Many OEP80 orthologs are predicted to
contain transit peptides.

Supplemental Figure 2. Processing of the A. thaliana OEP80 by
Isolated chloroplast soluble extract is not detectible.

Supplemental Figure 3. Additional competition assays.
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