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SUMMARY

In organellogenesis of the chloroplast from endosymbiotic cyanobacterium, the establishment of
protein targeting mechanisms to the chloroplast should have been pivotal. However, it is still
mysterious how these mechanisms were established and how they work in plant cells. Here, we
show that AKR2A, the cytosolic targeting factor for chloroplast outer membrane (COM) proteins,
evolved from the ankyrin repeat domain (ARD) of the host cell by stepwise extensions of its N-
terminal domain, and two lipids monogalactosyldiacylglycerol (MGDG) and phosphatidylglycerol
(PG) of the endosymbiont were selected to function as the AKR2A receptor. Structural analysis,
molecular modeling and mutational analysis of the ARD identified two adjacent sites for
coincidental and synergistic binding of MGDG and PG. Based on these findings, we propose that
the targeting mechanism of COM proteins was established using components from both the
endosymbiont and host cell through a modification of the protein-protein interacting ARD into a
lipid binding domain.

INTRODUCTION

Chloroplasts, an organelle responsible for photosynthesis in plants and algae (Dyall et al.,
2004), evolved monophyletically from an ancient photosynthetic prokaryote cyanobacterium
(Reyes-Prieto et al., 2007). The organellogenesis of the cyanobacterium into the chloroplast
is thought to be accompanied by a massive transfer of genetic information from the
endosymbiont to the host nucleus. Thus, although the chloroplast retains a functional genetic
system of the endosymbiont, its genome was greatly reduced in size and now typically
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encodes only about 100 different proteins (Martin et al., 2002; Timmis et al., 2004).
However, approximately 3,000 different proteins are required to build a fully functional
chloroplast in plant cells. The majority of them are encoded by the nuclear genome and
targeted from the cytosol to the chloroplasts after translation (Keegstra and Cline, 1999).

Chloroplast proteins can be largely grouped into two different categories; those imported
into chloroplasts with the N-terminal transit peptide as a targeting signal and those targeted
to chloroplast outer membrane (COM) without any cleavable signal sequence (Hofmann and
Theg, 2005). Studies on the mechanisms of protein targeting to chloroplasts have mainly
focused on how transit peptide-containing precursor proteins cross the chloroplast envelope
membranes (Chen and Schnell, 1999). Many import factors and the mechanism of their
actions in protein import into chloroplasts have been elucidated at the molecular and
biochemical levels (Flores-Pérez and Jarvis, 2013; Kim and Hwang, 2013). However, the
mechanisms by which proteins are targeted to and inserted in COM still remain poorly
understood.

In the targeting of organellar proteins from the cytosol to their cognate organelles, the
cytosolic targeting factor and its organelle-localized receptor constitute the key components
of the targeting machinery as exemplified by the signal recognition particle (SRP) and its
endoplasmic reticulum (ER)-localized SRP receptor (SR) for targeting of proteins to the ER
(Keenan et al., 2001), and Pex5p and the peroxisomal docking complex (consisting of
Pex14p, Pex13p and Pex17p) for targeting of PTS1-containing proteins to peroxisomes
(Girzalsky et al., 2010). In Arabidopsis, ankyrin repeat protein 2A (AKR2A) and its close
homolog AKR2B were identified as a cytosolic factor for targeting signal-anchored (SA)
and tail-anchored (TA) proteins to the COM (Bae et al., 2008; Dhanoa et al., 2010). AKR2A
specifically recognizes the targeting signals, the transmembrane domain (TMD) and the C-
terminal positively charged flanking region (CPR), of client proteins through its N-terminal
region and delivers them to the COM. Also, both AKR2A/B displays chaperone activity for
COM-targeted SA and TA proteins and prevents non-specific aggregation of client proteins
by binding to the hydrophobic TMD. In addition, AKR2A has the ability to bind to
chloroplasts through its C-terminal ankyrin repeat domain (ARD). Another protein
sHsp17.8, a member of the cytosolic class | small heat shock protein (sHsp) family, is also
involved in the AKR2Amediated targeting of COM proteins. sHsp17.8 as a dimer binds to
both AKR2A and chloroplasts. Through these interactions, sHsp17.8 facilitates the AKR2A-
mediated targeting of SA proteins to chloroplasts (Kim et al., 2011). Despite this
information on AKR2A and sHsp17.8, the exact mechanism by which AKR2A mediates
protein targeting to chloroplasts remains largely unknown. In particular, it is not known how
AKR2A recognizes chloroplasts as the target organelle and how the targeting mechanism
evolved during organellogenesis of chloroplasts from the endosymbiotic cyanobacterium.

To address these fundamentally important questions, we investigated the identity of AKR2A
receptor on the chloroplast surface and their mechanism of receptor recognition and the
evolutionary origin of AKR2A. Our results show that AKR2A, which evolved from the
ARD of the host cell, coincidentally and synergistically recognizes the two endosymbiont-
derived lipids MGDG and PG as an AKR2A receptor for protein targeting to chloroplasts
and, thereby, specifically delivers cargo proteins to COM.
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To elucidate the detailed mechanism of how AKR2A mediates specific protein targeting to
chloroplasts, we identified a receptor of AKR2A. One possibility is that AKR2A interacts
with a protein factor(s) on the surface of chloroplasts as the receptor for the targeting. Since
a previous study showed that the ARD of AKR2A has binding ability to chloroplasts (Bae et
al., 2008; Kim et al., 2011), we first defined the minimal chloroplast binding domain of
AKR2A using an in vitro chloroplast binding assay using purified chloroplasts and various
bacterially expressed AKR2A deletion mutants. The first three ankyrin repeats of AKR2A
were sufficient for chloroplast binding (Figure S1A to S1C). To check the presence of a
potential protein factor on the surface of chloroplasts for AKR2A binding, we examined
whether the AKR2A binds to trypsin-treated chloroplasts. Trypsin can degrade proteins
localized to the COM as well as to the intermembrane space between the outer and inner
membranes (Jackson et al., 1998). Despite a significant reduction in the levels of two COM
proteins AtToc75 and AtToc159 by the trypsin treatment (Figure 1A), binding of neither
His:AKR2A nor His:ARD to chloroplasts was altered. We also examined if this interaction
is mediated by small heat shock protein 17.8 (sHsp17.8), a cofactor of AKR2A (Kim et al.,
2011). As reported previously (Kim et al., 2011), His:sHsp17.8 augmented AKR2A binding
to chloroplasts (Figure S1D). Trypsin treatment of His:sHsp17.8-containing chloroplasts
abrogated this augmentation but did not affect the intrinsic chloroplast binding activity of
AKR2A, showing that sHsp17.8 is not essential for chloroplast binding of AKR2A.
Collectively, these results suggest that AKR2A recognizes a non-protein factor for initial
chloroplast binding.

Many proteins are targeted to subcellular membranes by binding to particular lipids enriched
in the membranes, such as phosphatidylinositol-4,5-bisphosphate in the plasma membrane
(McLaughlin et al., 2002; Yoon et al., 2011). Chloroplasts contain unique lipids, such as
MGDG and digalactosyldiacylglycerol (DGDG) (Block et al., 1983). Moreover, these
chloroplast-specific lipids are thought to play a role in protein targeting (Schleiff et al.,
2001). To test whether lipids are involved in the binding of AKR2A to chloroplasts, we
examined the effect of treating chloroplasts with duramycin, which causes aggregation of
phosphatidylethanolamine (PE) and MGDG in membranes (Navarro et al., 1985), on
His:AKR2A binding to chloroplasts. The duramycin treatment significantly reduced the
chloroplast binding of His:AKR2A (Figure 1B and 1D). Because COMs contain no
significant amount of PE (Block et al., 1983), this result suggests that MGDG is important
for the AKR2A binding to chloroplasts. To corroborate this idea, we examined whether
galactose, the sugar moiety of MGDG, and other related compounds inhibit the His:AKR2A
binding to chloroplasts. Among the compounds we tested, two hexoses, galactose and
glucose, reduced the His:AKR2A binding to chloroplasts (Figure 1C and 1E). However,
glyceraldehyde and arabinose did not affect the binding, indicating that AKR2A recognizes
hexoses.

To confirm that AKR2A specifically binds MGDG, we measured the binding of
His:AKR2A and His:ARD to the vesicles of various lipid compositions by surface plasmon
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resonance (SPR) analysis. His:ARD exhibited negligible binding to the zwitterionic
phospholipid phosphatidylcholine (PC) (Figure 2A); thus, we used PC as an inert bulk lipid
in the vesicles. We found that His:ARD displayed little binding to the vesicles containing
PC and MGDG (Figure 2B), showing that the ARD cannot effectively bind MGDG alone.
However, the inclusion of a chloroplast-abundant lipid, PG, allowed His:ARD to bind
vesicles in an MGDG-dependent manner; when His:ARD was added to vesicles with a fixed
PG concentration and varying MGDG concentrations (i.e., POPG/POPC/MGDG [50:
(50-x):x in mole%]), binding increased monotonously with increasing MGDG
concentrations (Figure 2B). Under the same conditions, His:ARD showed much lower
binding to another chloroplast-specific lipid, DGDG, demonstrating that the MGDG binding
is specific (Figure 2C).

We determined the K4 values of His:ARD for vesicles composed of POPG/POPC (50:50)
and POPG/MGDG (50:50) (Figure 2D and 2E). This indicated that 50 mole% MGDG
causes an approximately 3-fold increase in membrane affinity over PG alone. His:ARD also
binds vesicles in a PG-dependent manner with or without MGDG; however, in the presence
of 40% MGDG, His:ARD shows a sharper PG dependence (Figure 2F), suggesting that
ARD binds PG and MGDG simultaneously and synergistically. Under the same conditions,
other anionic lipids, phosphatidylserine (PS) and phosphatidylinositol (PI), were much less
effective than PG in inducing membrane binding of His:ARD with or without MGDG
(Figure 2G), suggesting a specific effect of PG on the binding. The full-length His:AKR2A
showed similar membrane binding properties to His:ARD; it had essentially the same
affinity (Kq = 390 = 60 nM) for POPG/MGDG (50:50) vesicles (Figure 2H) as His:ARD and
showed the same ARD-like linear dependency on MGDG in vesicle binding (Figure 2B).
AKR2A also showed significantly higher binding to vesicles whose lipid composition
mimics that of COM (MGDG/DGDG/PC/PG/PIl/sulfoquinovosyldiacylgl ycerol =
17:29:32:10:6:6) (Block et al., 1983) than to 100% PC vesicles and its binding to
chloroplastmimicking vesicles was comparable to that to PG/MGDG vesicles (50:50)
(Figure 2I).

MGDG and PG binding of AKR2A is physiologically important

To examine the physiological significance of AKR2A binding to MGDG and PG, we
measured the AKR2A binding to chloroplasts of monogalactosyldiacylglycerol synthase 1
(MGD1) and phosphatidylglycerophosphate synthase 1 (PGP1) mutants. MGD1 and PGP1
are involved in the production of MGDG and PG in the chloroplasts, respectively
(Babiychuk et al., 2003; Jarvis et al., 2000; Kobayashi et al., 2007; Shimojima et al., 1997;
Xu et al., 2002). Although the null mutants mgd1-2 and pgp1l are lethal (Babiychuk et al.,
2003; Kobayashi et al., 2007), leaky mutants, mgd1 and pgpl-1, exhibit a yellow leaf
phenotype due to lower MGDG and PG levels in the leaves (Jarvis et al., 2000; Xu et al.,
2002). In the mgd1 mutant plants, the enzymatic activity of MGD1 was reduced to 75% of
wild-type (WT) plants, which caused a 42% reduction in the amount of MGDG (Jarvis et al.,
2000). In the case of pgpl-1 mutant plants, the PGP1 activity was decreased by 80%, which
resulted in a 30% reduction in the overall PG content (Xu et al., 2002). Thus, we used
chloroplasts from mgd1 and pgpl-1 for AKR2A binding. The amount of His:AKR2A bound
to mgd1 or pgpl-1 chloroplasts was significantly lower than that bound to WT chloroplasts
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(Figure 3A and 3B). These results are consistent with the notion that MGDG and PG in
COM are responsible for the COM binding of AKR2A. In case of PG, however, our data
may be in conflict with the previous report by Dorne et al. (1985), suggesting that PG is
mainly localized in the inner leaflet of the COM. We therefore performed further
experiments to prove that PG in COM is available to the cytosolic AKR2A. First, we treated
purified chloroplasts with recombinant His-tagged yeast PG-specific phospholipase C
(His:yPGC1) (Simockova et al., 2008) and used them for AKR2A binding. The His:yPGC1
treatment reduced the chloroplast binding of His:AKR2A in a dose-dependent manner
(Figure 3C, 3D, Figure S2A and S2B). We also examined the effect of daptomycin on the
chloroplast binding of AKR2A. Daptomycin is a lipopeptide antibiotic that specifically
binds to PG so as to form oligomers, and thereby can depolarize the cell membrane potential
(Hachmann et al., 2009 and 2011; Muraih et al., 2011 and 2012). The daptomycin treatment
reduced the chloroplast binding of His:AKR2A (Figure 3E and 3F), supporting the notion
that PG is present in the outer leaflet of the COM. We then examined binding of annexin V
to WT and pgpl-1 chloroplasts. Annexin V non-specifically binds to negatively charged
phospholipids, including PS and PG, in a calcium-dependent manner (Jeppesen et al., 2008)
and it should show different affinity for chloroplasts from WT and pgp1-1 plants if PG is
exposed to the outer layer of COM. The COM is known to contain a negligible amount of
PS (Block et al., 1983). Annexin V tagged with mCherry at the N-terminus was transiently
expressed in pgpl-1 or WT protoplasts, and its binding to chloroplasts was determined by
Western blot analysis using the purified chloroplast fraction. As shown in Figure 3G and
3H, the amount of mCherry:annexin V copurified with pgp1-1 chloroplasts was significantly
lower than that of WT chloroplasts, supporting the notion that PG is present in the outer
leaflet of the COM. Furthermore, we tested if the reduced AKR2A binding to mgd1 and
pgpl-1 chloroplasts could be restored by exogenously added MGDG and PG, respectively.
Specifically, liposomes were prepared from the envelope membranes of mgdl and pgpl-1
chloroplasts that had been supplemented with MGDG and PG, respectively, and used for
AKR2A binding in vitro. As shown in Figure S2C and S2D, supplementation of MGDG and
PG, respectively, to the envelope membranes of mgdl and pgpl-1 chloroplasts fully restored
vesicle binding of His:AKR2A in a dose-dependent manner. Moreover, this restoration was
abolished by the treatment of duramycin and daptomycin (Figure S2C and S2D). However,
supplementation of PG to envelope membranes of mgd1 chloroplasts, and MGDG to
envelope membranes of pgpl-1 chloroplasts did not restore or only marginally restored
His:AKR2A binding to liposomes (Figure S2E). Also, binding of His:AKR2A to pgpl-1
chloroplasts could not be effectively rescued by PS and PI, further underscoring the specific
nature of PG binding (Figure S2F and S2G). PS was slightly more effective than PI, which
reflects modestly higher affinity of AKR2A for PS than for Pl (see Figure 2G). Collectively,
these results show that the reduced binding of AKR2A to mgd1 and pgpl-1 chloroplasts is
the direct effect of the reduced MGDG and PG levels on the COM, respectively.

We examined whether the lower MGDG and PG levels in chloroplasts affect the protein
targeting to chloroplasts. GFP-tagged COM protein constructs AtOEP7:GFP, AtToc64:GFP
or GFP:AtToc34 (Dhanoa et al., 2010; Lee et al., 2001; Lee et al., 2004) were cotransformed
into mgd1, pgpl-1 or WT protoplasts, and their chloroplast targeting efficiency was
determined (Figure 4A, 4C and Figure S3A). The amount of these proteins copurified with
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mgd1 or pgpl-1 chloroplasts was lower than that of WT plants (Figure 4B, 4D and Figure
S3B). To further assess the effect of these mutations on protein targeting to chloroplasts, we
measured the levels of various organellar proteins in mgd1, pgpl-1 and WT plants using
specific antibodies (Figure 4E and 4F). Compared with WT plants, mgdl and pgpl-1 plants
had significantly reduced levels of chloroplast proteins, with the exception of AtToc75 in
mdg1 plants (Figure 4E and 4F). The lack of effect on the level of AtToc75 in mdgl
chloroplasts might be due to the fact that the transcript level of AtToc75 was increased by
40% in mgd1 plants (Figure S3C). In contrast, the levels of all other proteins, including
cytosolic actin and Hsp70 (in pgpl-1), ER BiP, vacuolar AALP, and mitochondrial mTom64
and IDH proteins, were not affected (or higher for peroxisomal catalase) in these mutants.
These results indicate that MGDG and PG play a specific and pivotal role in the targeting of
chloroplast proteins.

Structural basis for the AKR2A binding to MGDG and PG

To understand the structural basis for the AKR2A binding to MGDG and PG, we
determined the crystal structure of the ARD of AKR2A at 2.3 A resolution (Figure 5A and
Table S1). Each of four ankyrin repeats has an anti-parallel helix-turn-helix, a -hairpin
(Figure 5B) and the four repeats stacked together to form an L-shaped domain. The
structural determination of the MGDG and PG binding sites by the co-crystallization of
ARD with galactose and glycerol, respectively, was unsuccessful because of the low binding
affinity of ARD for these lipid headgroups. This low affinity is not surprising, because
optimal lipid binding normally requires lipids in the membrane environment (Cho and
Stahelin, 2005).

In most lipid binding proteins, their lipid binding surfaces contain a cluster of aromatic and
basic (or other polar) residues that can interact either non-specifically with the membrane
surface or specifically with the lipid headgroup (Chen et al., 2012; Sumandea et al., 1999).
Consistent with the lipid binding activity of AKR2A, surface analysis of its ARD revealed
that one face of this domain has many exposed aromatic residues and three grooves that can
accommodate lipid headgroups. One of these grooves (L1) is formed with the residues H223,
Q224, S227, E246, D248 and F257. The second pocket (L) is composed of F257, Y261,
Y290, Y294 and R296, and the third one (L3) contains N314, L315, L326 and N327 (Figure
5C). To understand the lipid binding mode of ARD, we modeled the lipid binding of MGDG
and PG to ARD. This analysis suggested that MGDG binds to L4, whereas PG binds to L, or
L3. We examined the lipid binding of ARD to these grooves by mutating some of the
residues that were predicted to interact with the lipid headgroups in the model, particularly
those conserved in plant AKR2A homologs (Figure S4), and then measuring the effects of
these mutations on ARD binding to vesicles. Toward POPG/POPC (50:50) vesicles, the L,
site mutants (Y294A and R296A) showed significantly lower binding than WT, whereas the
L3 site mutants (N314A and L315A) showed only modestly reduced binding (Figure 6A).
Additionally, a representative L, site mutant (R296A) showed a lower PG dependency than
WT in vesicle binding, while a L3 site mutant (N314A) exhibited a WT-like PG dependency
(Figure 6B). Furthermore, the R296A mutant had essentially the same MGDG concentration
dependency as WT (Figure 6C). These data suggest that the L, site residues are involved in
PG binding, but not in MGDG binding, whereas the L3 site residues are not involved in lipid
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binding. The L; site mutants H223A and E246A also had a significantly lower binding
affinity for POPG/POPC (50:50) vesicles than WT (Figure 6A). Unlike the L, site mutants,
however, a representative L, mutant, E246A, showed some PG dependence (Figure 6B) and
very low MGDG dependence in vesicle binding (Figure 6C). These results suggest that the
L4 site residues are directly involved in the MGDG binding and that PG can also occupy the
L site in the absence of MGDG. The K338E mutant, a negative control, had WT-like
vesicle binding (Figure 6A, 6B and 6C).

On the basis of these mutational data, we propose a molecular model of the ARD-PG-
MGDG complex (Figure 6D to 6G). Optimal binding is achieved when the L and L, sites
are occupied by MGDG and PG, respectively. Our results also suggest that the simultaneous
binding of PG and MGDG to their respective sites is necessary for tighter and more specific
binding. We measured the chloroplast binding of the ARD and its mutants to test if those
mutants with compromised lipid binding show reduced chloroplast binding. Figure 6H and
61 shows that there is an excellent correlation between lipid binding and chloroplast binding
of the ARD. Collectively, these results show that two adjacent grooves are involved in
binding to PG and MGDG and that this lipid binding is a driving force for the chloroplast
binding of AKR2A.

AKR2A evolved by a stepwise addition of the N-terminal domains to the ARD

To gain insight into how the chloroplast protein targeting mechanisms were established
during organellogenesis of the chloroplast, we examined the evolutionary origin of the
cytosolic targeting factor, AKR2A, using a phylogenetic approach. AKR2A contains four
conserved regions, the PEST sequence (Rechsteiner and Rogers, 1996), two central domains
(C1 and C2) and C-terminal ARD (Figure 7A). Among these four regions, the ARD was
highly conserved in land plants and certain green algae but displayed a clear phylogenetic
separation from that of cyanobacteria, the progenitor of chloroplasts (Figure 7B and Figure
S5), raising the possibility that AKR2A evolved from the ARD of the host cell. The large
number of AKR2-type ARD-containing proteins in green algae and land plants were
classified into three groups based on the N-terminal domain composition. Of these groups,
AKR2-related (AKR2R) proteins contain only the C2 as the N-terminal domain and exist in
some green algae (Volvox, Chlamydomonas, Micromonas, and Ostreococcus) (Figure 7A
and Figure S5) whereas AKR2-like (AKR2L) proteins have both C1 and C2 domains and
also present in certain green algae, raising the possibility that the C1 domain was added to
the N-terminus of AKR2L after gene duplication but prior to divergence of land plants
(Finet et al., 2010). The third group, AKR2, contains all three N-terminal parts and exists
only in land plants (mosses, ferns, and angiosperms), suggesting that the PEST sequence
was added to AKR2L after the evolution of land plants from green algae (Figure 7A). These
raised the possibility that AKR2L and AKR2R are the evolutionary intermediates of AKR2
in plants.

The N-terminal region of AKR2A is involved in cargo binding (Bae et al., 2008). Thus, the
stepwise extension of each part of the N-terminal region may have a certain relationship
with the cargo binding ability. To test this idea, we generated three AKR2A mutants that had
a deletion of the PEST sequence alone ((AKR2AA(PEST)), the PEST sequence plus the C1
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domain ((AKR2AA(PEST+C1)), or all three N-terminal parts ((AKR2AA(PEST+C1+C2)),
to mimic AKR2L, AKR2R and ARD, respectively, in the domain structure, and examined
their cargo binding ability. The binding of AKR2A to its cargo protein, AtOEP7, can be
visualized using GFP:AtOEP7 (Bae et al., 2008). The fusion of GFP to the N-terminus of
AtOEPY7 inhibits its targeting to chloroplasts and results in its aggregation in the cytosol.
However, coexpression of AKR2A solubilizes GFP:AtOEP7 in the cytosol because AKR2A
binds to the hydrophobic TMD of GFP:AtOEP7. Similar to AKR2A:HA,
AKR2AA(PEST):HA solubilized GFP:AtOEP7 (Figure 7C and 7D). In contrast,
AKR2AA(PEST+C1):HA and AKR2AA(PEST+C1+C2):HA solubilized GFP:AtOEP7 only
partially or not at all, respectively, suggesting that AKR2Ls and AKR2Rs have partial and
no cargo binding activity, respectively. In addition, AKR2AA(PEST):HA was prone to
degradation. These results raised the possibility that the cargo binding ability of AKR2A
evolved by a stepwise addition of C1 and C2 to the ARD to give AKR2R and AKR2L, and
that the PEST sequence was added to regulate the stability of AKR2s after plant evolution.

DISCUSSION

This study focuses on three aspects of protein targeting to the COM; how AKR2A, the
cytosolic targeting factor of COM proteins, developed during evolution, what is the
chloroplast-localized receptor for AKR2A, and finally what is the mechanism of the
interaction between AKR2A and its receptor. Our results provide important clues to all these
fundamentally important questions and provide new insight into how the targeting
mechanism was established during evolution.

The mechanism of the AKR2A-mediated protein targeting to chloroplasts

The 33-amino acid ankyrin repeat is one of the most common protein-protein interaction
motifs that is found in nearly 6% of all eukaryotic protein sequences. This small module is
known to be involved in diverse cellular functions, including cytoskeletal organization, cell
signaling, transcriptional regulation, inflammatory responses, cell cycle regulation, cell
development, and cell differentiation, by mediating specific protein-protein interactions
(Barrick et al., 2008; Mosavi et al., 2004). However, the lipid binding activity of the ankyrin
repeat has not been reported. In this study, we provide compelling new evidence that the
ankyrin repeat can also serve as a lipid binding module, joining the list of expanding
families of lipid binding protein-interaction domains (Chen et al., 2012; Sheng et al., 2012).
The number of ankyrin repeats found in a single protein varies widely depending on
proteins, but on average two to four repeats form an ARD. The four ankyrin repeats in
AKR2A exhibit the typical helix-turn-helix conformation. Although the overall ARD
structure of AKR2A is similar to a canonical ARD structure (Li et al., 2006; Mosavi et al.,
2004), it has many exposed aromatic residues and well-formed grooves on the same surface
that have not been described in other ARDs, both of which are features important for
effective membrane-protein interactions (Cho & Stahelin 2005).

The ARD specifically binds to PG and MGDG, two abundant lipids in chloroplasts, for
chloroplast binding in vitro. In addition, other factors may play a role in AKR2A binding to
chloroplasts. In fact, sHsp17.8 enhances AKR2A binding to chloroplasts through its
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interaction with both AKR2A and chloroplasts. AKR2A may also have an interaction with
protein factor(s) at the COM at the insertion step of its client proteins. Import channel Toc75
has been shown to assist insertion of proteins to the COM in vitro (Bae et al., 2008; Lee et
al., 2014; Tu et al., 2004). The physiological significance of the PG and MGDG hinding to
the ARD is demonstrated in planta using the mgdl and pgpl-1 mutants that have a defect in
biosynthesis of MGDG and PG, respectively, and consequently exhibit the yellow leaf
phenotype with greatly reduced levels of COM proteins. Moreover, we provide multiple
lines of evidence that these lipids, PG in particular, are present in the outer leaflet of the
COM and directly involved in binding to AKR2A. Based on these findings, we propose that
MGDG and PG function as the receptor for AKR2A. Lipids are known to function as a site-
specific marker in recruitment of proteins to a particular membrane in diverse biological
processes (Di Paolo and De Camilli, 2006; McLaughlin et al., 2002). Although the unique
lipid composition of the COM was reported to be essential for the correct topology of
AtOEP7 (Schleiff et al., 2001), it has not been shown that lipids can directly function as the
receptor of the targeting factor. In SRP-mediated protein targeting to the ER, the protein
factor SR serves as the receptor for SRP (Keenan et al., 2001). Of the two lipids, MGDG is a
major lipid component of the COM and also unique to chloroplast membranes (Block et al.,
1983). Thus, it can serve as a marker specific for chloroplasts among various organelles.
Interestingly, however, ARD did not bind to MGDG alone. PG binding is prerequisite for
the MGDG binding of the ARD, suggesting that PG binding primes MGDG binding. PG is
another abundant lipid in the COM (Block et al., 1983) but it has not been implicated in
protein targeting to chloroplasts. The structural, mutational and computational studies on the
ARD identify two neighboring binding sites for PG (L, site) and MGDG (L site). PG can
bind both L, and L, sites in the absence of MGDG. However, the PG binding alone may not
provide enough specificity for targeting of chloroplast proteins. Indeed, PG is also found in
mitochondria (Douce, 1985). Thus, coincident binding of PG and MGDG to their respective
sites is an elaborate mechanism to ensure tighter and more specific binding. Indeed,
coincident recognition of two separate receptor molecules has recently emerged as an
important mechanism for targeting proteins to specific organelles and cell membranes (Di
Paolo and De Camilli, 2006). However, a previous study showed that Toc34 is directly
inserted into protein-free liposomes in vitro (Qbadou et al., 2003), raising the possibility that
COM targeting and insertion processes are controlled by different mechanisms.

This type of interaction between the ARD and its receptor consisting of two lipids at the
target organelle may be an ideal mechanism for recruiting AKR2A to the COM in AKR2A-
mediated protein targeting to chloroplasts. The cytosolic targeting factor should be released
rapidly from the target membrane after delivering cargo proteins to the target membrane. In
the case of SRP in the ER targeting, its interaction with SR is regulated by the GTPase
activity of these proteins (Keenan et al., 2001). When two different types of lipids are
simultaneously and synergistically involved in protein interaction, overall binding can be
easily reversed by disrupting one of two interactions, PG or MGDG binding. Thus, the
coincidental and synergistic interaction of PG and MGDG with the ARD could be ideally
suited for both high specificity and tight regulation. It is not known at present how the
interaction between the two lipids and the ARD can be regulated. One can speculate that a
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conformational change of ARD caused by a post-translational modification or a change in
local concentration in PG and MGDG may serve as a regulatory mechanism.

Evolution of the AKR2A-mediated protein targeting mechanism during organellogenesis of
the chloroplast

Establishment of the protein targeting mechanisms to chloroplasts should have been one of
the most pivotal processes in conversion of endosymbiotic cyanobacterium to the
chloroplast during evolution (Cavalier-Smith and Lee, 1985; Kim and Hwang, 2013). The
most compelling evidence that the ER originated from the plasma membrane was provided
by the SRP-mediated protein targeting to the ER (Warren and Wickner, 1996). Likewise, the
mechanism of protein targeting to the chloroplasts may provide a clue to the question of how
endosymbiotic cyanobacterium were converted chloroplasts during evolution. We provide
convincing evidence that AKR2A evolved from an ARD of the host cell. To acquire the
ability to function as the cytosolic targeting factor, the ARD appears to have evolved in two
directions. One is related to the cargo binding activity and regulation of protein stability.
The N-terminal region of AKR2A appears to be generated by a sequential addition of three
conserved domains. The C1 and C2 domains, which are involved in the cargo binding,
appear to be added through at least two steps before the divergence of plants from algae. In
contrast, the N-terminal PEST sequence, which is involved in regulation of protein stability,
seems to be added after divergence of plants from algae. The PEST sequence is a well-
known motif involved in regulation of protein activity (Rechsteiner and Rogers, 1996). It is
possible that the PEST sequence was added to multi-cellular plant proteins, but not to single-
celled algal proteins, for cell type-specific regulation of AKR2A.

Another evolutionary direction of the ARD evolution is related to the recognition of the
target organelle, chloroplasts. Our results suggest that the ARD evolved from a protein-
protein interaction module or structural module into a lipid binding domain. Orthologs of
AKR2A exist in diverse plant species. Furthermore, the AKR2A-type ARD containing
proteins, AKR2R and AKR2L, exist in various algae. Among these proteins, key lipid
binding residues are evolutionary well conserved. Interestingly, these residues are not
conserved in ankyrin repeats of cyanobacterial and animal proteins. Thus, it appears that the
membrane binding activity of the ARD of AKR2A was acquired in the host cell where the
endosymbiotic cyanobacterium was undergoing organellogenesis to achieve specific
chloroplast targeting, hence successful endosymbiosis of chloroplasts during evolution.

In addition, this study provides another important clue for the evolution of the targeting
mechanism. Of the two lipids, PG and MGDG, which function as the receptor of AKR2A,
MGDG is thought to be a remnant of the endosymbiotic cyanobacterium. In addition, the
high amounts of PG in chloroplast membranes might have resulted from the lipid
composition of the progenitor, the endosymbiotic cyanobacterium. Thus, two abundant
lipids in the outer membrane of the cyanobacterium were selected as a specific target of the
endosymbiotic cyanobacterium which was undergoing organellogenesis into the chloroplast,
and the ARD in the host cell evolved into a lipid binding domain so as to recognize these
two lipids. Based on these findings, we propose that the core components of the mechanism
of chloroplast protein targeting derived from both the host cell and endosymbiotic

Dev Cell. Author manuscript; available in PMC 2014 September 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kim et al.

Page 11

cyanobacterium. Collectively, our study provides an important new clue to how the protein
targeting mechanism of chloroplast proteins was established during organellogenesis of the
chloroplast.

EXPERIMENTAL PROCEDURES

Growth of plants

Arabidopsis plants were grown on soil or MS plates supplemented with 1% sucrose in a
growth chamber at 20 — 22°C under a 16 h/8 h light/dark cycle. Leaf or whole tissues were
harvested from 10-day- to 3-week-old plants and used immediately for protoplast isolation,
chlorophyll extraction or total RNA extraction.

Construction of plasmid DNAs

The constructs of His-tagged recombinant proteins of various ARD alanine substitution
mutants were generated by a PCR approach. The details of the plasmid construction are
present in Supplemental Experimental Procedures. Construction of His:AKR2A,
His:ARD(211-342), His:ARD(211-309), His:ARD(211-276), His:ARD(244-342),
His:ARD(277-342), His:sHsp17.8, AKR2A:HA, GFP:AtOEP7, AtOEP7:GFP, and
AtToc64:GFP has been described previously (Bae et al., 2008; Kim et al., 2011; Lee et al.,
2001). All PCR products were sequenced to confirm the nucleotide sequences.

Transient expression of proteins in protoplasts

The fusion constructs were transformed into protoplasts by polyethylene glycol-mediated
transformation as described previously (Jin et al., 2001; Kim et al., 2001). Expression of
transiently expressed proteins was examined either by Western blot analysis or in vivo
imaging.

GFP signals in protoplasts were monitored at various times after transformation, and images
were captured with a Zeiss LSM 510 META laser scanning confocal microscope (Zeiss)
using a C-APOCHROMAT (x 40/1.2w numerical aperture water immersion) lens in a
multitrack mode. Excitation/emission wavelength was 488/505 to 530 nm for GFP.

For fractionation of GFP:AtOEP7, the protoplast lysates were fractionated into soluble and
pellet fractions by centrifugation at 1,500 x g at 4°C for 10 min. The soluble fractions were
separated again into soluble and pellet fractions by ultracentrifugation at 100,000 x g at 4°C
for 1 h. The pellet fractions were resuspended to the original volume of the lysis buffer [50
mM Tris-HCI, pH 7.5, 15 mM NaCl, 3 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 1 mM
DTT and 1 x complete protease inhibitor cocktail (Roche)]. These two fractions were
analyzed by western blotting.

Lipid vesicles preparation and SPR analysis

Small unilamellar vesicles were prepared using a Liposofast (Avestin) microextruder with a
100 nm polycarbonate filter. All SPR measurements were performed at 23°C in 20 mM
Tris-HCI, pH 7.4, containing 0.16 M NaCl using a lipid-coated L1 chip in the BIACORE
T100 system (GE healthcare, Sweden). POPC/POPG/MGDG (varying ratios) vesicles and
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POPC vesicles were coated onto the active surface and the control surface, respectively.
Vesicles were coated onto the corresponding sensor chip surfaces to yield the identical
resonance units (RU), ensuring the equal concentration of the coated lipids. Equilibrium
SPR measurements were done at the flow rate of 5 ul/min to allow sufficient time for the
response in the association phase to reach near-equilibrium values (Reg) (Ananthanarayanan
et al., 2003). A minimum of 5 different protein concentrations were injected to collect a set
of Req values that were plotted against the protein concentrations (Po). An apparent
dissociation constant (Kq) was then determined by nonlinear least squares analysis of the
binding isotherm using the following equation, Req = Rmax /(1 + Kg/Po) where Rmax
indicates the maximal Req value (Cho et al., 2001). Since the concentration of lipids coated
on the sensor chip cannot be accurately determined, Kq is defined in terms of P, as P,
yielding half-maximal binding with a fixed lipid concentration. The measurement was
repeated at least three times to determine average and standard deviation values. Kinetic
SPR measurements were performed at the flow rate of 30 pl/min.

Protein expression and purification

E. coli BL21(DE3) cells transformed with various expression constructs were cultured to an
ODgqg of ~0.6. Expression of the encoded proteins was induced by adding 0.2 — 1 mM IPTG
at 37°C for 3 h. His-tagged recombinant proteins were purified using an Ni*-NTA affinity
column (Qiagen) according to the manufacturer’s protocol. E. coli extracts containing the
recombinant proteins were incubated with Ni*-NTA agarose bead and washed several times
with washing buffer [50 mM NaH,POy,, pH 8.0, 300 mM NaCl, 10 mM imidazole, 1%
Triton X-100, 1 x complete protease inhibitor cocktail (Roche)]. For crystallization of ARD
proteins, His: ARD was further purified by anion exchange (MonoQ) and gel-filtration
chromatography (Superdex 75), concentrated to 10 mg/ml by ultrafiltration and stored at
-80°C.

Crystallization and data collection

Crystals of the ARD was grown at 22°C by the hanging drop vapor diffusion method. The
crystallization buffer contained 30% PEG4K, 0.1 M Tris-HCI, pH 8.5, 0.2 M Magnesium
Chloride hexahydrate, and 5% acetone. Diffraction data were collected at —170°C using
crystals flash-frozen in crystallization buffer containing 30% (w/v) glycerol. Diffraction data
from native crystals were collected at 1.000 A on a Beamline 4A at the Pohang Advanced
Light Source. The ARD crystals formed in space group P2; (a=68.3 A, b=59.4 A. c=84.9
A, and =107.3°) and contained five ARD molecules in an asymmetric unit (PDB ID:
4TUM). Diffraction data integration, scaling, and merging were performed using the
HKL2000 package (Otwinowski and Minor, 1997).

Structure determination and refinement

The structure of the ARD was determined by the molecular replacement method. We
determined the structure of ARD with the MolRep program using 4ANK (1NOR_PDB code)
as a search model. We have identified five ARD molecules in an asymmetric unit, and have
trace most of the chains. Successive rounds of model building using COOT (Emsley and
Cowtan, 2004) and refinement using PHENIX program (Adams et al., 2010) dropped the R-

Dev Cell. Author manuscript; available in PMC 2014 September 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kim et al. Page 13

free to 22.4%. The final model consists of residues 219-340 of AKR2A (4TUM_PDB
code). The N- and C-terminal residues were not visible and not modeled.

Molecular modeling

To comprehensively evaluate all possible AKR2A-ligands complexes, we initially used the
complete systematic search program PatchDock (http://bioinfo3d.cs.tau.ac.il/PatchDock) to
dock a head group of PG and/or MGDG to ARD. The coordinates of MGDG and PG were
taken from the PDB structures 3arc and 3mtx, respectively. Before the docking procedure,
the fatty acid chains of the lipids were deleted up to the methyl groups. In all 10 of the
analyzed highest scoring solutions, MGDG primarily binds to the L site, whereas PG
mainly binds to the L, and less frequently to the L3 site.

Docking of the lipids to the structure of ARD was performed with the package DOCK 6
(http://dock.compbio.ucsf.edu/DOCK_6/index.htm). The spheres representing the binding
site were selected within 10 A from the side-chains of the residues shown to be important
for the lipid binding (H223 and E246 for MGDG, and Y261, Y290, Y294, and R296 for
PG). After the docking, each aliphatic tail was extended to three carbons using the structural
superimposition with the initial lipid ligands and subsequent minimization of the structure.
Superimposition and minimization were performed with the UCSF Chimera package
(Pettersen et al., 2004).

Statistical analysis

Data are expressed as mean values + standard deviation (SD). No statistical method was
used to predetermine sample sizes. Statistical significance was performed using the
Student’s 2 tail t-test. A p-value <0.05 was considered statistically significant. In all
quantitative figures * means p-value <0.05, ** p-value <0.01, *** p-value <0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. AKR2A recognizes the lipid components of chloroplastsfor its binding
(A) The effect of trypsin treatment on AKR2A binding to chloroplasts. His:AKR2A was

incubated with chloroplasts treated with (+) or without (=) trypsin and the amount of

His: AKR2A copurified with chloroplasts was determined by Western blot analysis using
anti-His, anti-AtToc75 and anti-Toc159 antibodies. The amount of AtToc75 and AtToc159
was analyzed as internal control for trypsin treatment. (B—E) Effect of duramycin and sugars
on AKR2A-chloroplast binding.

(B and C) AKR2A binding to chloroplasts treated with (+) or without (=) duramycin (B) or
in the presence of the indicated sugars (C). (B and C) Western blots analysis of AKR2A
binding to chloroplasts using anti-His antibody.

(D and E) quantification of AKR2A binding to chloroplasts. Mean + standard deviation
(SD) are shown (n = 3). C, control (no sugar); glc, glucose; gal, galactose; gly,
glyceraldehyde; ara, arabinose. The asterisks indicate a significant difference from the
corresponding control experiment by Student’s t-test (*P < 0.05; **P < 0.01; ***P < 0.001).
See also Figure S1.
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Figure 2. Membrane binding properties of AKR2A and ARD
(A) ARD shows negligible binding to PC vesicles when compared with PG/IMGDG (50:50)

vesicles.

(B) MGDG-dependent vesicle binding of full-length (FL) AKR2A (red) and ARD (blue)
with POPC/MGDG [(100-X):x; X, mole% of MGDG] (open symbols) or POPG/POPC/
MGDG [50:(50-x):x] (closed symbols) vesicles and maximal binding response values
plotted against MGDG concentration.

(C) Specificity of ARD for MGDG over DGDG. Notice that binding to PG/DGDG (50:50)
vesicles is comparable to that of PG/PC (50:50) vesicles, showing that the affinity for
DGDG alone is as low as that for PC.
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(D) Determination of Ky for ARD binding to PG/PC (50:50) vesicles by equilibrium SPR
analysis. The binding isotherm was generated from the response at equilibrium (Req)
(average of triplicate measurements) versus the ARD concentration (Pg) plot. A solid line
represents a theoretical curve constructed from the Rypax (330 £ 20) and Ky (1200 = 110 nM)
values determined by a nonlinear least squares analysis of the isotherm using the following
equation: Req = Rmax/(1 + Kg/Po).

(E) Determination of Ky for ARD binding to PG/MGDG (50:50) vesicles by equilibrium
SPR analysis as described for Figure 3D. Ryax = 290 + 30 and Ky = 360 + 70 nM.

(F) PG-dependent vesicle binding of the ARD with POPC/POPG [(100—x):x] (blue) or
POPC/POPG/MGDG [(60—x):x:40] (red) vesicles and maximal binding response values
plotted against PG concentration.

(G) PG specificity of ARD. Binding of the ARD (0.5 uM) to PC/PG [(100—-x):x] (red),
PC/PS [(100—x):x] (blue) or PC/PI [(100—x):x] (black) vesicles was measured by kinetic
SPR analysis, and maximal binding response values were plotted against anionic lipid
concentrations.

(H) Determination of K for full-length AKR2A binding to PG/MGDG (50:50) vesicles by
equilibrium SPR analysis as described for Figure 2D. Rypax = 230 £ 20 and Kq = 390 + 60
nM.

(1) AKR2A showed significantly higher binding to chloroplast-mimicking vesicles (MGDG/
DGDG/PC/PG/PI/sulfoquinovosyldiacylglycerol = 17:29:32:10:6:6) than to 100% PC
vesicles and its binding to chloroplast-mimicking vesicles was comparable to that to PG/
MGDG vesicles (50:50). For SPR data, each point represents the average of triplicate
measurements (n = 3). RU, resonance unit.

Dev Cell. Author manuscript; available in PMC 2014 September 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kim et al. Page 21
A B C D
120 120
& Q‘J/‘?Q:qur_y - o __ His:PGCH =
h@.ﬁfﬁfﬁ" Z 8100 O 01 5 10 pgm FE'
XX S o T~ His:AKR2A §g e
mgd1P9P S 6 (kD) =
WT mgdt’, 7 0% x| 45 e e e 0%
*D) £ . 40 His ® &8 40
© 2 5 2
— - - (0] (0]
His x5 20 3= s 20
Cepy T o
o) ~
 w— |RbcL e g
Q
= F 120 G > > H
o Daptomycin X g
@3501 5 10 ug/ml = . 393 8 85 23
) e — ~ < < -
T His:AKR2A S < 80 2 Es REs 8
(kD) Y=l E
%7 s e e 9 X 60 WT ~ pgp1-1 =38
His -% B 40 (kD) TCH TCHTCHTCH ol
31= X% 20 45 € ¢
mRFP
[ oL o0
Daptomycin

(Lg/ml)

SEEEEEEE| Rool

Figure 3. Chloroplast binding of AKR2A isimpaired in mgdl and pgpl-1 mutants
(A and B) His:AKR2A binding to chloroplasts from WT, mgd1 or pgpl-1 plants. (A)

Western blot analysis of His:AKR2A bound to chloroplasts using anti-His antibody. RbcL,
loading control stained with Coomassie blue. (B) Quantification of His: AKR2A binding to
mgd1, pgpl-1 or WT chloroplasts. Mean + SD are shown (n = 3).

(C and D) The effect of the yPGC1 treatment to chloroplasts on AKR2A binding. (C)
His:AKR2A binding to chloroplasts was examined as in (A) except that chloroplasts had
been treated with His:yPGC1 before its use in binding experiments. (D) Quantification of
His:AKR2A binding to His:yPGC1-treated chloroplasts. Mean + SD are shown (n = 3).

(E and F) Effect of daptomycin on AKR2A binding to chloroplasts. (E) His:AKR2A binding
to chloroplasts was examined as in (A) except that chloroplasts had been treated with
daptomycin before its use in binding assay. (F) Quantification of His:AKR2A binding to
daptomycin-treated chloroplasts. Mean £ SD are shown (n = 3).

(G and H) The binding of annexin V to chloroplasts. (G) mCherry:annexin V or mCherry
alone was introduced into protoplasts and chloroplast fractions from the transformed
protoplasts were analyzed by Western blotting using anti-RFP antibody. mCherry alone was
used as a control for fractionation. T, total protoplast extracts; CH, chloroplast fractions. (H)
Quantification of the chloroplast-bound mCherry:annexin V. Mean + SD are shown (n = 3).
The asterisks indicate a significant difference from the corresponding control experiment by
Student’s t-test (*P < 0.05; **P < 0.01; ***P < 0.001). See also Figure S2.
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Figure 4. Targeting of proteinsto the COM isimpaired in mgdl and pgpl-1 mutants
(A-D) The targeting efficiency of COM proteins in mgd1 and pgp1-1 mutants. (A and C)

Targeting of AtOEP7:GFP (A) or AtToc64:GFP (C) to chloroplasts in WT, mgdl or pgpl1-1
protoplasts. mRFP, a control for the transformation efficiency and chloroplast fractionation.
RbcL, loading control. NT, non-transformed; To, total protoplast extracts; CH, chloroplast
fractions. (B and D) Quantification of the chloroplast targeting of AtOEP7:GFP (B) or
AtToc64:GFP (D). Mean + SD are shown (n = 3).

(E and F) Chloroplast protein levels in mgd1 and pgpl-1 mutants. (E) Western blot analysis
of various endogenous protein levels. Actin, loading control. (F) Quantification of the
protein levels in mgd1 and pgpl-1 plants. The protein levels were normalized using Actin.
The expression level in WT plants was set to 1. Mean + SD are shown (n = 3). The asterisks
indicate a significant difference from the corresponding control experiment by Student’s t-
test (*P < 0.05; **P < 0.01; ***P < 0.001). See also Figure S3.
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VAEEGEEEES IVHQTASL GD VEGLKAALA SGGNK
DEEDSEGRT ALHFACGY GE LKCAQVLIDA GAS
VNAVDKNKNT PLHYAAGY GR KECVSLLLEN GAA

VTLQNLDEKT PIDVAKLN SQ LEVVKLLEKD AFL

Figure5. Theoverall structure of ARD
(A) The crystal structure ARD of AKR2A at 2.3 A resolution.

(B) Four ankyrin repeats of AKR2A are aligned according to their structure. Arrows and
rectangles indicate the approximate locations of the -strands (blue) and a-helices (red),
respectively.

(C) The putative membrane binding surface of the ARD. There are three grooves (L1, Ly,
and Lz in yellow, cyan, and magenta, respectively, with key residues constituting each site
indicated) that can accommodate lipid headgroups. See also Table S1.
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Figure 6. Identification of the M GDG- and PG-binding sites of the AKR2A ARD
(A) SPR sensorgrams of ARD mutants interacting with POPC/POPG (50:50) vesicles.

(B) Measurement of the PG-dependent vesicle binding of the ARD mutants with POPC/
POPG [(100-x):x] vesicles and maximal binding response values plotted against PG
concentration.

(C) The MGDG-dependent vesicle binding of the ARD mutants. Maximal response values
for ARD mutants interacting with POPG/POPC/MGDG [50:(50-x):x] vesicles measured at
each MGDG concentration. Mutants in each group (L1, Lo and L3) show similar properties;
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thus, data for a representative mutant for each group (E246A for Ly, R296A for L,, and
N314A for Lg) are shown in B and C for clarity. L, Ly, L3 site mutants are represented by
orange, blue, and magenta, respectively. For SPR data, each point represents the average of
triplicate measurements. RU, resonance unit. n = 3.

(D and E) A modeled structure of the ARD-PG-MGDG complex in two different
orientations. (D) The ARD is shown in the same molecular orientation as in Figure 6C. (E)
The structure is horizontally rotated 90° to show its membrane binding orientation. The cyan
line indicates the putative membrane surface.

(F) Predicted hydrogen bonds between the MGDG headgroup and two key residues, H223
and E246, in the L1 pocket are shown as green dotted lines.

(G) Potential hydrogen bonds between the PG headgroup and two key residues, Y294 and
R296, in the L, pocket are shown as green dotted lines. The ternary complex model is
identical to that shown in Figure 6D and 6E. The molecular orientations are arbitrarily
selected for the best illustration of potential interactions. Although two key residues are
shown for each site, many other protein residues can also participate in short-range
interactions with lipid headgroups and acyl chains. Lipids are in stick representation and
proteins in ribbon representation.

(H) Chloroplast binding of ARD and L4, L3, and L3 site mutants (see Figure 5C). RbcL,
loading control.

(1) Chloroplast binding of L4, L3, and L3 site mutants was presented as relative values to that
of His:ARD. Mean £ SD are shown (n = 3). The asterisks indicate a significant difference
from the corresponding control experiment by Student’s t-test (*P < 0.05; **P < 0.01; ***P
< 0.001). See also Figure S4.
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Figure 7. The Phylogenetic tree of ARDs and the evolution of AKR2A
(A) The domain structure of ARD-containing proteins. The PEST (green), C1 (blue), C2

(purple) and ARD domains are highlighted in different colors. In cyanobacterial ARD-
containing proteins, only the ARD domain (black) is shown.

(B) Maximum likelihood phylogenetic tree of ARDs. The tree is built on an alignment of
115 amino acid residues of the ARDs of 93 sequences.

(C and D) The effect of C1 and C2 domains on AKR2A binding to GFP:AtOEP7. (C)
GFP:AtOEP7 was introduced into protoplasts together with HA-tagged full-length or
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various deletion mutants of AKR2A or empty vector R6 and the localization pattern of
GFP:AtOEP7 was examined. CH, chloroplasts. Bar, 10 pm.

(D) Fractionation of GFP:AtOEP7. Protoplasts were transformed with GFP:AtOEP7 and
AKR2A as in (C). mRFP was included in all transformation as a control for transformation
efficiency and fractionation. Protoplast lysates were separated into soluble and pellet
fractions and analyzed by Western blotting using anti-GFP, anti-HA, anti-RFP and anti-VSR
antibodies. VSR was used as a control for membrane proteins. S, soluble fraction; P, pellet
fraction. See also Figure S5.
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