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Metallochaperones traffic copper (Cu*) from its point of entry at
the plasma membrane to its destination. In plants, one destination
is the chloroplast, which houses plastocyanin, a Cu-dependent
electron transfer protein involved in photosynthesis. We present
a previously unidentified Cu* chaperone that evolved early in the
plant lineage by an alternative-splicing event of the pre-mRNA
encoding the chloroplast P-type ATPase in Arabidopsis 1 (PAA1).
In several land plants, recent duplication events created a separate
chaperone-encoding gene coincident with loss of alternative splic-
ing. The plant-specific Cu* chaperone delivers Cu* with specificity
for PAA1, which is flipped in the envelope relative to prototypical
bacterial ATPases, compatible with a role in Cu™ import into the
stroma and consistent with the canonical catalytic mechanism of
these enzymes. The ubiquity of the chaperone suggests conserva-
tion of this Cu*-delivery mechanism and provides a unique snap-
shot into the evolution of a Cu* distribution pathway. We also
provide evidence for an interaction between PAA2, the Cu*-
ATPase in thylakoids, and the Cu*-chaperone for Cu/Zn superoxide
dismutase (CCS), uncovering a Cu* network that has evolved to
fine-tune Cu® distribution.

Cu-transfer | inner envelope | metal transporter | Arabidopsis thaliana |
Atx1

he use of copper (Cu™) as a catalytic cofactor has necessi-

tated the evolution of specific transport and delivery pro-
teins. In eukaryotes, Cu" trafficking pathways exist to shuttle
Cu™ from the plasma membrane to cytosolic targets, such as
Cu/Zn superoxide dismutase (SOD) (1, 2), or to intracellular
compartments, such as vesicles of the frans-Golgi network (3, 4). In
the latter case, Cu* is often delivered to a transporter of the Pig
subgroup of P-type ATPases (P,p-type ATPase), which catalyzes the
ATP-dependent transport of cytosolic Cu* across membranes of the
secretory pathway (5). Central components of the Cu* trafficking
pathways are small, soluble proteins called Cu™ chaperones that
bind Cu* with high affinity (6-8) and deliver it through specific
protein—protein interactions. In this way, Cu™ ions are directed to
the correct apoproteins and compartments.

The prototypical Cu™ trafficking pathway involves Atx1-like
Cu™ chaperones and P;p-type ATPases. Our understanding of
how chaperones and Cu*-ATPases work together to distribute
Cu™ is largely based on efflux pathways in bacteria, where these
two proteins work in concert to transport Cu™ from the cytosol to
the periplasm for detoxification and cuproenzyme metallation.
Metal transfer is characterized by the specific and transient in-
teraction of the Cu*-bound chaperone (Cu'*-chaperone) with
the ATPase and the unidirectional transfer of the ion. The
crystal structure of Legionella pneumophila copper-translocating
P-type ATPase (CopA) and biochemical analyses of Archae-
oglobus fulgidus CopA support a model where the Cu*-chaper-
one interacts with an electropositive platform formed by a kink
in the second transmembrane (TM) helix of the ATPase (8-10).
The kink exposes three invariant residues (one Met and two Glu)
that enable ligand exchange between the chaperone and the
transporter (10). After ligand exchange, the Cu™ ions occupy the
intramembrane metal-binding sites (11), and following the classic

E5480-E5487 | PNAS | Published online December 2, 2014

Albers-Post model, Cu* export requires the metal-dependent
catalytic phosphorylation of an invariant Asp (DKTGT) (5, 12, 13).

In addition to the electropositive platform, Atx1-like chaper-
ones can interact with and deliver Cu™ to the N-terminal metal-
binding domain (HMBD). Because this domain is not essential
in vitro for activity (8, 10), one plausible role for the HMBD is in
autoregulation of the ATPase; Cu* delivery to this domain may
be required before the chaperone can dock to the platform and
deliver Cu* to the intramembrane metal-binding sites (13). In-
terestingly, the HMBDs of the Cu™-ATPases and the Atxl-like
chaperones are structurally similar with a ferredoxin-like fold
and bind Cu* through a conserved MxCxxC motif. Phylogenetic
reconstruction suggests that the HMBDs and cognate Cu™ chap-
erones share a common origin that predates the prokaryotic-
eukaryotic split (14). Nevertheless, although they are homologous,
the chaperone, but not the HMBD, is able to transfer Cu™ directly
to the intramembrane metal-binding sites (8).

Because of the presence of an extra Cu-using organelle, plants
have a relatively complex Cu™ distribution network. In addition to
the mitochondrion and #rans-Golgi network, Cu™ must be delivered
to and trafficked within the chloroplast to metallate plastocyanin
(all green algae and land plants); Cu/Zn SOD (some green algae
and land plants); and other lineage-specific enzymes, such as poly-
phenol oxidase in Populus tricorphora. Two Pig-type ATPases,
P-type ATPase of Arabidopsis 1 (PAA1) and P-type ATPase of
Arabidopsis 2 (PAA2) (15), have been localized to the chloroplast.
A loss-of-function mutation in PAA1 from Arabidopsis thaliana
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causes a decrease in chloroplast Cu™ concentration that has a
negative impact on the function of both stromal Cu/Zn SOD and
plastocyanin, which binds Cu* in the lumen, whereas mutations
in PAA?2 have little impact on total chloroplast Cu* content but
have a negative impact on plastocyanin activity (15). These
phenotypes have led to the conclusion that PAA1 and PAA2
function in tandem; PAAT imports cytosolic Cu® into the stroma,
and PAA2 imports Cu* into the thylakoid lumen.

The Cu* chaperones that must interact with PAA1 and PAA2
have remained unknown, leaving open the question of how Cu™
is routed to and within the chloroplast. The conservation of
plastocyanin, PAA1, and PAA2 in green algae and land plants
suggests that the Cu* distribution route must have evolved early
and specifically within the plant lineage. When we looked for
homologs/paralogs of ATX1 that might serve this function, we
noted that the ATX1 family had expanded in the land plants (16,
17), but these proteins seemed unlikely candidates for the
missing link because of the absence of an ortholog in algae. The
only Cu* chaperone present in both the green alga Chlamydo-
monas reinhardtii and land plants is A7X1, which has a function
analogous to ATOX1/Atx1 in mammals/yeast. The absence of an
obvious Atx1-like chaperone candidate for the chloroplast sug-
gests that a noncanonical chaperone must exist.

In this work, we describe a previously unidentified family of Cu™
chaperones that is conserved in C. reinhardtii and land plants. These
chaperones have previously been overlooked because they are
produced in most genomes as an alternative-splicing event of the
PAAI pre-mRNA. We provide evidence that in A. thaliana, this
chaperone, which we have named plastid chaperone 1 (PCHL1),
delivers Cu* with specificity to PAA1, highlighting a plant-specific
adaptation not required for Cu* delivery in cyanobacteria. We also

uncover an interaction between CCS, the Cu™ chaperone for stro-
mal Cu/Zn SOD, and PAA2.

Results

Comparative Genomic Analysis Reveals the Presence of a Plant-Specific
Cu® Chaperone. Because Atxl-like chaperones share a common
ancestor with the HMBDs of Cu™-ATPases, we were intrigued
to find evidence that the pre-mRNA encoding the PAA1
ortholog (CTP2) in the unicellular, green alga C. reinhardtii is
alternatively spliced, producing a small transcript that encodes
solely the HMBD (we will refer to the short form as PCH1). The
two transcripts, one encoding the full-length ATPase and the
second encoding PCH1, share the first two exons (Fig. 14). An
exon that is skipped in the CTP2 transcript provides an alter-
native stop codon and alternative polyadenylation site for the
PCHLI transcript (Fig. 14).

We wondered whether this alternative-splicing event is unique
to the PAAI ortholog from C. reinhardtii or whether it occurred
in other organisms as well. An exhaustive analysis of land plant
genomes and ESTs revealed conservation of nearly identical
alternative-splicing events in A. thaliana, Boechera stricta, Capsella
rubella, Capsella grandiflora, Mimulus guttatus, Citrus sinensis,
Eucalyptus grandis, Aquilegia coerulea, P. trichocarpa, and Glycine
max (Fig. 14). In another seven genomes, including Selaginella
moellendorffii and Physcomitrella patens, two early diverging land
plants, we found EST support for the short PCH1 transcript
(minimally the last two 3’ exons, including the stop codon), but
EST support for the unique exon junction of PAAI is presently
lacking (Fig. S1B). In each case, the short PCHI1 transcript is
predicted to encode a small soluble protein of 172-256 amino acids
that preserves the N-terminal soluble portion of the corresponding
ATPase, including the Cu*-binding motif MxCxxC (Fig. S14).
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Fig. 1.

PCH1 in plants is encoded by either an alternative-splicing event (ASE) of the PAAT pre-mRNA (A) or from a separate locus (B). In A, shared exons are

colored purple, exons unique to PCH1 are colored green, and exons unique to PAA1 are colored orange. Splicing events are represented by broken lines
linking exons. In B, gene models for PAAT are colored yellow, and gene models for PCHT are colored blue. Gray shading is used to connect each gene cartoon
(A or B) with the relevant plant (C). In C, the phylogenetic history of PCH1 and the N-terminal HMBD of PAA1 were predicted using the neighbor-joining
method. Branches representing PCH1 and the N-terminal HMBD of PAA1 that are produced from ASEs are collapsed, and the label is encased with a green
box. In cases where the two proteins are encoded by separate genes, the branches representing PCH1 are colored blue and the branches representing the

N-terminal HMBD of PAA1 are colored yellow. chr, chromosome; sc, scaffold.
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We were further surprised to find that the absence of evi-
dence for the alternative-splicing event in several plant genomes
was often coincident with gene duplication and subfunctionaliza-
tion. In Brassica rapa, Cucumis sativus, Gossypium raimondii,
Brachypodium distachyon, Oryza sativa, Panicum virgatum, Sorghum
bicolor, and Zea mays, PAA1 and PCHI1 are encoded at separate
loci (Fig. 1B). Phylogenetic analysis suggests that gene dupli-
cation, and subsequent subfunctionalization, has occurred in-
dependently in the Brassica, Cucumis, and Gossypium lineages,
with closely related genera retaining the PAA1/PCHI1 splicing
event (Fig. 1C). This analysis also supports the existence of
separate PAAI and PCHI genes in the common ancestor of
grasses, which existed roughly 50 Mya (18). In G. max and
P. trichocarpa, we found duplication of PAAI with alternative
splicing conserved at one locus, but EST support for alternative
splicing at the second locus is lacking (Fig. S1D).

Because previous phylogenetic reconstruction had suggested
that Atx1-like chaperones and the HMBDs of the Cu™-ATPases
represent ancient lineages (14), the alternative-splicing event
may represent a relatively recent and unique progenitor event.
Indeed, we were unable to find such an event involving other
plant Cu*-ATPases (Fig. S2). We did, however, find two distinct
types of small soluble proteins that have evolved from the
N-terminal HMBD of PAAL1 (Fig. S3). The first type, PCH1, con-
tains an N-terminal glycine-rich region after the putative signal
peptide cleavage site characteristic of PAA1 (Fig. S4). The second
type does not contain the polyglycine stretch and was not absolutely
conserved as was found with PCH1. In grasses, phylogenetic analysis
supports the conclusion that this second group arose from dupli-
cation of PCHI and loss of the polyglycine stretch (Fig. S3). Mul-
tiple copies of this no-glycine stretch protein could be found in
a single genome, but only one copy of PCHI1 (either produced as an
alternative-splicing event or from a separate gene) was ever found.

Short Alternative-Splice Form of A. thaliana PAA1 Is Translated.
Given the ubiquity and conservation of PCHI as either an al-
ternatively spliced transcript or a duplicated gene, we hypothe-
sized that the short form of A. thaliana PAAI (AtPAAI; gene
model AT4G33520.1) is translated. Previous proteomic analysis
of purified chloroplasts identified a peptide that corresponds to
the N-terminal HMBD of AtPAAL1 but with a native mass of 16
kDa and denatured mass of 12 kDa (19). Given its size and
solubility, this protein is likely AtPCH1, but because this product

A *paa1'3 * paa1_1
AtPAA1 s
AtPCH1 mm—HE paat-5
5.5 A
B _gcad & @
102550100 € € V' Q" yp,
AtPAA1 . HP"' .,!!——-—80
— 58
Ponceau _-__”—'_17
AtPCH1 s e
Ponceau|  “EESSCEW_ ;

Fig. 2. Alternative splicing produces two proteins from the AtPAAT locus.
(A) Schematic of the AtPAAT and AtPCHT transcripts. Asterisks mark the
location of the paa7-1, paa7-3, and paa-5 mutations. Exons are colored as in
Fig. 1. (B) Immunoblot with antibody raised against the N-terminal HMBD of
AtPAA1. Equal loading was confirmed with Ponceau staining of the mem-
brane after transfer. Serial dilutions of Col-0 protein extract (%Col) were
performed as indicated.
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ATPase activity (umol/mg/h)

o 2 4 6 8 10
Cut [uM]
Fig. 3. Cu'*-dependent ATPase activity of AN-AtPAAT (O) and AN-AtPAA2

(). ATPase activity was measured in the presence of increasing concen-
trations of Cu® in the absence of a chaperone.

could result from proteolysis of AtPAAI1, we validated the pres-
ence of AtPCHI using existing loss-of-function mutants (20). The
mutants paal-1 [background Landsberg erecta (Ler)] and paal-5
[background Columbia-0 (Col-0)] contain point mutations (at
positions 3,628 and 3,045, respectively) that should only affect
AtPAAL, whereas paal-3 (in Col-0) contains an in-frame deletion
(A457-465) that should affect both AtPAA1 and AtPCHI (Fig.
24). Using an antibody raised against the HMBD of AtPAAI, we
detected a protein with an apparent molecular mass of roughly 7
kDa in both the accessions Col-0 and Ler (Fig. 2B). As predicted,
we did not detect AtPAAL in either paal-1 or paal-5 but did detect
the 7-kDa protein. In paal-3 (Fig. 2B), AtPAA1 was detected but at
a reduced level, whereas the 7-kDa protein was not. These
data demonstrate unequivocally the presence of PCHI in plants
(independent of PAAL1, and hence not a degradation product).

AtPCH1 Transfers Cu* Specifically to AtPAA1. Given the high simi-
larity between PCH1 and documented Cu™ chaperones (Fig. S4),
we hypothesized that PCH1 might be a Cu* chaperone with
function in delivering Cu™ either to PAA1 and/or PAA2. We used
two biochemical assays to test whether PCH1 can interact with the
ATPases in vitro by assessing its ability to (i) activate the ATPase
activity and (i) transfer Cu™. We used N-terminally truncated ver-
sions of PAAl and PAA2 that lacked the N-terminal HMBDs
(AN-AtPAAL and AN-AtPAA2, respectively) to facilitate analysis of
metal delivery to the intramembrane Cu*-binding sites without in-
terference from metal transfer to the regulatory N-terminal HMBDs.

The function of recombinant AN-AtPAA1 and AN-AtPAA2
was evaluated by measuring Cu™ dependence of their ATPase
activities (independent of a Cu*-chaperone) and their Cu*-binding
stoichiometries (Fig. 3 and Table 1). Both AN-AtPAA1 and
AN-AtPAA?2 displayed kinetic parameters compatible with proper
folding and function (Fig. 3 and Table 1). Thus, both Cu*-ATPases
interact in vitro with their substrate, independent of a chaperone,
and can complete the catalytic cycle.

The ability of Cu*-AtPCHI to interact with AN-AtPAA1 or AN-
AtPAA?2 was tested by measuring the activation of their ATPase
activities by saturating concentrations (10 pM) of Cu*-AtPCH1
(Table 1). AN-AtPAA1 was activated by Cu*-AtPCHI1 but
AN-AtPAA2 was not, suggesting a specific interaction be-
tween Cu™-AtPCH1 and AN-AtPAA1. Moreover, as previously
observed for other ATPases (21), the Viyax of AN-AtPAAL in the
presence of Cu™-AtPCH1 (2.62 + 0.25 pmol-mg~"-h™") was higher
than the Vi, observed in the presence of free Cu® (0.84 + 0.26
25 umol-mg~"h™") (Table 1).

Next, we tested whether Cu* could be transferred from PCH1
to PAA1 or PAA2. We measured unidirectional Cu™ transfer
under nonturnover conditions by incubating Cu*-loaded strep-
tomycin (Strep)-tagged AtPCHI1 with His-tagged versions of
each ATPase (metal-free). The ATPases were recovered by
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Table 1.

Kinetic parameters of ATPase activity in the absence and presence of chaperones or

N-terminal HMIBD and Cu-binding stoichiometry of each protein

Cu* form Vinax* pmol/mg/h Ki/2,* pM Cu*/protein stoichiometry™

AN-AtPAA1 Cu* 0.86 + 0.04 0.27 + 0.06 1.89 £ 0.15

Cu*-AtPCH1 2.62 + 0.25 1.81 + 0.63

Cu*-AtPAA1-HMBD 1.61+0.14 0.10 + 0.06

Cu*-AtPAA2-HMBD -0.37 + 0.27 n.d.

Cu*-AtCCS 0.07 + 0.04 n.d.
AN-AtPAA2 Cu* 0.86 + 0.06 0.38 + 0.12 2.17 + 0.046

Cu™-AtPCH1 0.10 + 0.03 n.d.

Cu*-AtPAA1-HMBD 0.10 + 0.03 n.d

Cu*-AtPAA2-HMBD —0.03 + 0.05 n.d.

Cu*-AtCCS 1.27 + 0.04 0.79 + 0.06
AtPCH1 Cu* 1.07 + 0.08
AtPAA1-HMBD  Cu* 0.91 + 0.21
AtPAA2-HMBD  Cu* 0.91 + 0.12
AtCCS Cu* 1.10 + 0.22

n.d., not determined.

*Errors for V,ax and Ky, are asymptotic SEs reported by the fitting software Kaleidagraph (Synergy).
TStoichiometry of Cu* bound to ATPases or chaperones was estimated as moles Cu*/moles protein.

metal affinity chromatography in a Ni** resin. Fractions eluting
from the column were analyzed for protein and Cu* content.
We found that Cu™ coeluted with AN-AtPAA1 but not with
AN-AtPAA2 (elution fractions 1-4; Fig. 44), consistent with a
specific interaction between AtPAA1 and Cu™-AtPCHI1 as in-
ferred from the ATPase activity assay (Table 1).

Because they are produced by alternative-splicing events,
AtPCH1 and the N-terminal HMBD of AtPAA1 are nearly
identical except for 13 amino acids present uniquely at the C
terminus of AtPCH1 (Fig. S5). In a previous work, we had noted
that the N-terminal HMBD of A. fulgidus CopA was not able to
deliver Cu* to the intramembrane metal-binding sites of CopA
(8). In that system, Cu™ transfer was specific for the separately
encoded Cu™ chaperone, CopZ. This result raised the question
of whether Cu™ transfer from the N-terminal HMBD to PAA1
might be a capability of other members of this subgroup of the
P1g-ATPase family or whether the C-terminal 13 amino acids
conferred this ability to PCH1. We expressed the soluble HMBD
of AtPAA1 and AtPAA2 (by truncating the respective proteins
just before the first TM helix) and used the purified proteins to
test (i) activation of ATPase activity and (i) Cu™ transfer in the
absence of ATP. Unlike the situation with CopA, Cu*-AtPAA1-
HMBD exhibited Cu* chaperone activity in that it was able to
activate the ATPase activity and transfer Cu* to AN-AtPAA1
just like AtPCH1 did, indicating that this property was not con-
ferred by the extra 13 amino acids at the C terminus of AtPCH1
(Fig. 4B and Table 1). On the other hand, Cu*-AtPAA2-HMBD
did not activate either AN-AtPAA1 or AN-AtPAA2, and we
could not detect Cu* transfer from Cu*-AtPAA2-HMBD to either
protein (Fig. 4C and Table 1), indicating that the Cu* chaperone
biochemical property of PCH1 and the N-terminal domain of
PAA1 is unique.

AtCCS Delivers Cu* to AtPAA2. There is no evidence supporting the
production of AtPAA2-HMBD as a stand-alone soluble protein,
and Cu™ transfer was not detected from this recombinant protein
to either ATPase. Therefore, to find a possible interacting partner
for AtPAA2, we tested the interaction of the previously charac-
terized chloroplast Cu™ chaperone for Cu/Zn SOD (AtCCS) (22)
with AN-AtPAAT and AN-AtPAA2. Although activation or Cu*
transfer was not detected with AN-AtPAA1, Cu*-AtCCS was able
to activate and transfer Cu* to AN-AtPAA2 (Fig. 4D and Table 1),
revealing a possible interaction between AtPAA2 and AtCCS,
and further highlighting the exclusive interaction between AtPAA1
and AtPCHI.

Blaby-Haas et al.

Orientation of PAA1 in the Inner Envelope. All Cu*-ATPases in the
plasma membrane of prokaryotes are considered to be orientated
in the membrane with the N-terminal HMBD and ATP-binding
domain facing the cytosol (5). By analogy with cyanobacteria,
the closest free-living relatives of the plastid, it is predicted
that the N-terminal HMBD and ATP-binding domain of PAA1
face the stroma. Given the proposed unidirectional transport of
Cu* away from the ATPase domains (23, 24), this orientation
would imply that PAA1 exports Cu* from the stroma toward the
interenvelope space (IES). This function is at odds with loss-
of-function phenotypes (20), which suggest AtPAA1 transports
Cu™ into the stroma, and raises the question of which compart-
ment it is that the PAA1/PCHI1 interaction might occur.

We therefore investigated the orientation of native PAA1 in
right-side-out inner envelope vesicles from isolated Pisum sativum
(pea) plastids. Based on the deduced structural model, PAA1
from P. sativum has six cysteines facing the same side of the
membrane, whereas the remaining cysteines are occluded by
the membrane (Fig. S6). Methoxypolyethylene glycol-maleimide
(PEG-Mal) is a membrane-impermeable probe that reacts irre-
versibly with free thiols. If PAAL1 faces the stroma (which becomes
the vesicle lumen), the cysteines will be protected from PEGy-
lation by the vesicle membrane. However, if PAA1 faces the IES,
the cysteines will be free to react with the PEG-Mal. Three in-
dependent PEGylation events of pea PAA1 were readily detected
(Fig. 54) and consistent with the N-terminal HMBD and ATPase
domains being located in the IES. Because three of the six ac-
cessible cysteines are present in the N-terminal HMBD used to
raise antibodies, we cannot rule out the possibility that PEG-Mal
modification interferes with antibody binding. However, if PAA1
were oriented in the opposite direction (facing the vesicle lumen),
there would be no cysteines available for PEGylation. As a con-
trol for the orientation of the vesicles, PEGylation of Tic20, an
inner envelope protein oriented with a cysteine facing the stroma
(25, 26), was not detected unless SDS was added to solubilize the
vesicles (Fig. 5B).

Membrane Topology of AtPAA1 in Escherichia coli. Because inter-
pretation of the PEG-Mal experiment is dependent on knowing
the location of cysteines within the structure, we also confirmed
the predicted topology of PAA1 with PhoA-LacZa sandwich
fusions expressed in Escherichia coli. PhoA serves as a reporter
for the periplasm; mature PhoA (alkaline phosphatase) contains
two intramolecular disulfide bonds (27), which are formed within
the oxidizing environment of the periplasm. LacZa serves as
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Fig. 4. Interaction of AN-AtPAA1 and AN-AtPAA2 with soluble Cu* chap-
erones. Cu* (orange circles) and protein (gray squares) contents of the
wash and elution fractions are shown. (A) Cu™ transfer assays between
Cu*-AtPCH1 and AN-AtPAA1 or AN-AtPAAZ2. (B) Cu* transfer assays between
Cu*-AtPAA1-HMBD and AN-AtPAA1 or AN-AtPAA2. (C) Cu™ transfer assays
between Cu™-AtPAA2-HMBD and AN-AtPAA1 or AN-AtPAA2. (D) Cu™ transfer
assays between Cu*-AtCCS and AN-AtPAA1 or AN-AtPAA2.

a reporter for the cytoplasm; LacZ (B-gal) activity requires as-
sociation of the LacZa peptide with the cytoplasmic-localized
LacZw peptide. Translational fusions within the N-terminal
HMBD and ATPase domains of AtPAAL1 displayed predominantly
B-gal activity, whereas fusions in the intra-TM helix loops dis-
played predominantly alkaline phosphatase activity, with the ex-
ception of construct 4 in loop 3, which did not display activity of
either reporter (Fig. 5C). These results support the structural
model depicted in Fig. 5D.

Discussion

Ligand exchange and the transfer of Cu* from soluble chaper-
ones to transporters are fundamental to maintain Cu* homeo-
stasis (28-31). These interactions minimize the number of
mismetallation events that would otherwise be caused by “free”
Cu* and provide the means to control the routing of Cu* to
distinct subcellular locations. Here, we have presented the
identification and characterization of the Cu® chaperone for
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PAAL, the chloroplast Cu™ importer. In contrast to 4. fulgidus
CopA, the N-terminal HMBD of PAA1 has evolved to transfer
Cu™ to the intramembrane metal-binding sites, but only because
this domain exists as a separate soluble protein within the plant
lineage. Metallochaperones, such as PCH1, are the Cu* handlers
of the cell, and specific molecular recognition, such as we have
described between PCH1 and PAAL, is a central component in
Cu* homeostasis that was previously missing in the model of
plastid Cu* delivery (Fig. 6).

Delivery of Cu* to Cu-Dependent Proteins Within the Plastid Required
Plant-Specific Adaptations Compared with the Analogous Cu* Transport
Pathway Found in Cyanobacteria. The chloroplast is the remnant of
a cyanobacteria-like endosymbiont, and most of its metabolic
and homoeostatic repertoire was inherited from this endo-
symbiont. Chloroplast Cu* delivery, however, appears to have
undergone several plant-specific modifications, which are likely
a result of adapting to receiving Cu” from an intracellular lo-
cation rather than from the environment. Two Cu*-ATPases in
cyanobacteria, CtaA, which is thought to reside in the plasma
membrane, and PacS, which has been localized to the thylakoid
membranes (32), are involved in supplying Cu* to plastocyanin
(33). The Cu* chaperone Atxl is proposed to function in trans-
ferring Cu™ between the two ATPases (34). In plants, neither pacS
nor atx] was retained, whereas ctad was duplicated, giving rise to
PAAI and PAA?2 (35). Reflecting their common origin, we found
that AN-AtPAA2 displayed a Vi,.x comparable to the V.. of
CtaA, which is nearly an order of magnitude smaller than the V,.x
of PacS (36). The relatively fast turnover rate of PacS is a char-
acteristic required for Cu* detoxification (21, 36), and because
supply of Cu* to the chloroplast is presumably restricted, there is
no longer a need for a Cu' detoxification pump. Thus, PacS
function has been lost in the plant lineage.

The second plant-specific adaptation is the evolution of a new
family of Cu™ chaperones that are derived from the N-terminal
HMBD of PAAI. Because this domain uniquely exists as a sep-
arate soluble protein, a typical chaperone-ATPase interaction was
able to evolve. Given the genetic evidence that PAA1 imports Cu*
into the stroma (15, 20) and the proposed transport mechanism of
these ATPases (24), we propose that PCH1 delivers Cu* to PAA1,
which is oriented in the inner envelope membrane such that
the chaperone platform faces the IES, which is a third plant-
specific adaptation.

Previously, the polyglycine stretch following the transit peptide
of AtPAAL1 was proposed to target AtPAAI to the inner enve-
lope (15). Because the polyglycine stretch is conserved in all
PAAL1 orthologs and PCH1 orthologs, we suggest that the stretch
may act as a conserved stop-transfer signal that keeps the
N-terminal HMBD of PAA1 and PCH1 in the IES. In one model
for the import of pre-Toc75, the polyglycine stretch serves to
block translocation across the inner envelope (37, 38). There-
fore, PAA1 may be inserted into the inner envelope on the IES
side of the membrane, and PCHI1 is retained in the IES. How-
ever, an outstanding question is where PCH1 binds Cu*. PCH1
may bind Cu* in the cytosol before delivery to PAAL; this sce-
nario is possible because small folded proteins can indeed be
imported across the outer envelope (39). Such a mechanism was
originally postulated for COX17, a soluble chaperone in the in-
termembrane space of the mitochondrion that delivers Cu®* for
cytochrome ¢ oxidase maturation (40). However, recent studies
suggest that although the source of mitochondrial Cu* remains
unclear, metallation of cytochrome ¢ oxidase appears to involve
Cu™ transported from the mitochondrial matrix (41).

Conservation of PCH1 in the Green Lineage. A comparative genomic
analysis has enabled us to devise the evolutionary history of this
new chaperone family. Conservation of alternative splicing that
produces PCH1 in a Chlorophyte and in Embryophytes suggests

Blaby-Haas et al.


www.pnas.org/cgi/doi/10.1073/pnas.1421545111

L T

1\

=y

A - - — — — + 8SDS
0 1 5 1530 30 min
Zi75_|
o 80 __ " ¢
B — stroma
80— M - e = cysteine
O 46 __ IES
S30_
=23 __
17 e o s e o stroma
C D
W (D cytoplasm
[N (2) periplasm
& (3 cytoplasm
(@ uninformative
» (®) cytoplasm
o (®) periplasm
. IES
@ periplasm
. cytoplasm
(@ cytoplasm —_—
stroma

Fig. 5. Topology and orientation of PAA1. PEG-Mal labeling of P. sativum
inner envelope vesicles in the presence or absence of 1% SDS was performed
for the indicated time subsequent to detection of pea PAA1 (A) and Tic20 (B)
by immunoblotting. The location of cysteines in each protein is shown to the
right. (C) E. coli cells expressing various translational fusions between
the PhoA-LacZa reporter cassette and AtPAA1 were plated on dual indicator
plates, which contain chromogenic substrates. Hydrolysis of 5-bromo-4-chloro-
3-indolyl phosphate by PhoA yields a blue color, whereas hydrolysis of
6-chloro-3-indolyl-p-p-galactoside by LacZ yields a red color, allowing assign-
ment of the PhoA-LacZa reporter to either the periplasmic space or cyto-
plasm, respectively. (D) Location of each fusion construct from C is overlaid
on the structural model of AtPAA1.

that alternative splicing represents the ancestral state and that
PCHI1 evolved in several land plants through a rarely described
mechanism: subfunctionalization of alternative-splice forms. At
this point, we can only speculate as to why alternative splicing is
maintained in some genomes and duplicated genes are found in
other genomes, but given the absolute conservation of one or the
other, PCH1 is an integral component of Cu* homeostasis in plants.

An estimated 700 My (42), four whole-genome duplications and
one triplication event (43), separate C. reinhardtii from A. thaliana,
yet PCH1 is formed by alternative splicing in both plants. One
argument for the retention of alternative splicing is relatively
rapid regulation of the two forms (because regulation occurs at
the transcript-splicing level rather than at the expression level)
(44). However, a survey of RNA-sequencing data in C. reinhardtii
has not revealed a significant difference in the ratio of the two
transcripts under various growth conditions, including different
Cu”* and Zn** supplementations. Another possibility is that al-
ternative splicing is maintained such that expression of the two
forms is identical (44). In prokaryotes, the Cu™ chaperone and
Cu™-ATPase are frequently encoded by the same polycistronic
mRNA (i.e., operon). In grasses and other plants where sub-
functionalization has occurred, such tight control of transcript
abundance may no longer be necessary. A third possibility is that
retention of alternative splicing eliminates the possibility of se-
quence drift between PCH1 and the N-terminal HMBD of PAAL.
The N-terminal HMBD is proposed to serve a regulatory function,
and in addition to delivery of Cu™ to the intramembrane Cu*-
binding sites, PCH1 may interact with the transporter HMBD, but
such an interaction between the two HMBDs is presently unknown.

Blaby-Haas et al.

Interaction Between AtCCS and AtPAA2. In this study, we unexpec-
tedly observed an interaction between AtCCS and AtPAA2. Cu*
transfer from AtCCS to AtPAA2 is likely mediated through the
AtCCS N-terminal Cu*-binding domain that is homologous to
both the Atx1-like Cu™ chaperones and the N-terminal HMBD of
the Cu*-ATPases. Genes encoding CCS and Cu/Zn SOD (CSD2)
are not found in the C. reinhardtii genome, which would be ex-
pected if CCS were an integral component of the PCH1-PAA1-
PAA2 Cu* pathway, and the absence of a noticeable photosyn-
thetic defect as a result of AtCCS disruption (45) supports the
notion that AtCCS might not be critical for delivery of Cu* to
AtPAA2. However, an interaction between AtPAA2 and AtCCS
may have evolved to fine-tune the distribution of Cu* between Cu/
Zn SOD (nonessential function) and plastocyanin (essential func-
tion). Interestingly, mutation of AtPAA2 was previously found to
cause a significant increase in the amount of AtCSD2 abundance
and activity, particularly at low concentrations of Cu* (15). At the
time, the increase in AtCSD?2 activity was attributed to an increase
in AtCSD?2 transcript abundance in the mutant; however, in light
of an interaction between AtCCS and AtPAA2, the absence of
AtPAA2 may free-up AtCCS for Cu* delivery to AtCSD2, lead-
ing, at least in part, to higher AtCSD?2 activity.

Elucidating the Chloroplast Cu™ Network. In summary, the data
support two plausible mechanisms by which Cu* gains access to the
intramembrane metal-binding sites of the chloroplast Cu*-ATPases
PAALI and PAA2. The N-terminal HMBD of PAA1 is conserved
throughout the plant lineage as an independent soluble protein, and
in support of a chaperone role, the protein delivers Cu* to the
intramembrane metal-binding sites of AtPAA1. Such an interaction
between AtPCHI1 and AtPAA2 has not evolved, likely because the
two proteins are not localized to the same compartment. Addi-
tionally, we did not find evidence that the N-terminal HMBD of
PAA?2 exists as an independent soluble chaperone, and Cu* transfer
experiments showed that this domain does not deliver Cu™ to the
intramembrane metal-binding sites of either Cu*-ATPase. How-
ever, we did find that an interaction between AtPAA2 and AtCCS
is possible, and such an interaction has not evolved between AtCCS
and AtPAA1 (likely because AtPAA1 does not face the stroma).
Clearly, given its absence in C. reinhardtii, CCS is not a conserved
delivery route for PAA2. Instead, this interaction could have been
selected as a way to ensure that PAA2, which supplies an essential

Fig. 6. Model of chloroplast Cu* delivery. PAA1 faces away from the stroma,
which places the chaperone docking platform and N-terminal HMBD in the IES.
An interaction between CCS and PAA2 would occur in the stroma, but a ubig-
uitous Cu* chaperone for PAA2 is still missing (represented by a question mark).
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cuproenzyme, can access Cu* that would otherwise be solely
channeled to AtCSD2, a nonessential cuproenzyme.

Methods

Bioinformatic Analyses. Identification of plant-encoded proteins containing at
least one heavy metal-associated (HMA) domain was performed by BLAST
search (blastp with default parameters) of the Phytozome database (46).
Reversed position specific (RPS)-BLAST of these sequences to the Conserved
Domain Database (47) was used to identify the amino acid coordinates of
each HMA domain. The protein similarity network (48) was constructed as
described previously (49) from all-vs.-all blastp alignments of each HMA
domain using an E-value cutoff of 2 x 1078, Protein identification codes and
amino acid coordinates of the HMA domains analyzed are available in
Dataset S1. Identification of alternative-splicing events required at least one
EST bridging the last shared exon and the unique exon of the short form and
at least one EST bridging the last shared exon and the first unique exon of the
long form. The phylogenetic tree of the N-terminal portions of AtPAA1
orthologs in plants and closely related soluble HMA domain-containing proteins
was computed using the neighbor-joining method (50). Branches corresponding
to partitions reproduced in less than 50% bootstrap (51) replicates (out of 500
replicates) were collapsed. All positions with less than 5% site coverage were
eliminated. Evolutionary analyses were conducted in MEGA6 (52).

Cloning, Protein Expression, and Purification. The coding region of AtPAAT
was amplified by PCR using PAA1_His_For and PAA1_His_Rev (amino acids
223-949) or PAATHMBD_Strep_For and PAATHMBD_Strep_Rev (amino acids
103-245) (Table S1) and the A. thaliana cDNA clone pda19661 obtained from
the RIKEN BioResource Center (BRC). The full-length coding region of
AtPAA2 was codon-optimized for expression in E. coli and synthesized
(GenScript Corp.). For cloning of the AN-AtPAA2 construct (amino acids
160-883), primers PAA2_His_For and PAA2_His_Rev were used (Table S1).
For AtPAA2-HMBD (amino acids 66-175), primers PAA2HMBD_Strep_For
and PAA2HMBD_Strep_Rev were used (Table S1). The coding region of
AtPCH1 (amino acids 103-237) was amplified using AtPCH1_Strep_For
and AtPCH1_Strep_Rev (Table S1) and the cDNA clone pda04914 obtained
from the RIKEN BRC. The coding region of AtCCS (amino acids 1-229) was
amplified from HALO_SFI_24-E11 obtained from the Arabidopsis Biological
Resource Center using the primers CCS_Strep_For and CCS_Strep_Rev (Table
S1). The resulting products were digested with Ndel and Sall (or Asel and Sall
for AtCCS) and ligated into pET21b vector engineered to contain a C-terminal
tobacco etch virus protease recognition site followed by an in-frame Hisg-tag
(for ATPase constructs) or an in-frame Strep-tag (for soluble chaperone con-
structs). The insert sequences of the resulting vectors were confirmed by
Sanger sequencing. Plasmids were transformed into the E. coli BL21(DE3)
strain, and heterologous expression was induced following the autoinducing
media protocol (53). Purification of membrane and soluble proteins was
performed as previously described (8, 54). Solubilized lipid/detergent micellar
forms of AN-AtPAA1 and AN-AtPAA2 proteins were stored in 25 mM Hepes
(pH 8.0), 50 mM NacCl, 10 mM ascorbic acid, 0.01% n-dodecyl-B-b-maltopyr-
anoside (DDM), and 0.01% asolectin (buffer C) until use. Soluble chaperones
were stored in buffer W containing 100 mM Tris (pH 8) and 150 mM NaCl.
Protein concentrations were determined by Bradford assay using a BSA
standard (55). Molar protein concentrations were estimated assuming that
the proteins were pure, using M, = 79,830 for AN-AtPAA1, M, = 79,046 for
AN-AtPAA2, M, = 15,539 for AtPCH1, M, = 16,753 for AtPAA1-HMBD, M, =
14,203 for AtPAA2-HMBD, and M, = 26,538 for AtCCS. To eliminate any
bound metal, all purified proteins were treated with metal chelators as de-
scribed previously (56). Briefly, the proteins were incubated for 45 min at
room temperature with 0.5 mM EDTA and 0.5 mM tetrathiomolybdate in
either buffer C (ATPases) or buffer W (chaperones). Chelators were removed
by buffer exchange using either 30-kDa (ATPases) or 3-kDa (chaperones)
cutoff Centricon (Millipore). The final purity of all protein preparations was at
least 95%, as verified by SDS-PAGE followed by Coomassie Brilliant Blue
staining and immunoblotting with either anti-Hisg (Genscript) or anti-Strep-
tag antibodies (IBA) (Fig. S7).

Cu™ Loading to Proteins. Cu* loading was performed by incubating each apo-
chaperone (10 pM) in the presence of 20 pM CuSO,, 25 mM Hepes (pH 8.0),
150 mM Nadcl, and the reducing agent 1 mM Tris(2-carboxyethyl)phosphine
for 10 min at room temperature with gentle agitation. The unbound Cu*
was removed by washing in 30-kDa (AN-AtPAA1 and AN-AtPAA2) and 3-kDa
(AtPCH1, AtPAA1-HMBD, AtPAA2-HMBD, and AtCCS) cutoff Centricons, and
proteins were used immediately. The amount of Cu* bound was verified by the
bicinchoninic acid (BCA) method (57). CuSO, solutions were used as standards.
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ATPase Assays. ATPase assays were performed at 37 °C in medium containing
50 mM Tris-Cl (pH 6.8), 3 mM MgCl,, 3 mM ATP, 0.01% asolectin, 0.01% DDM,
200 mM Nacl, 2.5 mM DTT, and 0.01 mg/mL purified protein. When activation
by free Cu™ was tested, 20 mM cysteine was included in the buffer (8). Cu*
concentrations, either in the free form or bound to soluble chaperones, were
varied to obtain curves reporting the Cu®™ concentration for half-maximal
ATPase activation (K2) and V.. ATPase activity was measured after 20 min
of incubation. Released phosphate was determined according to Lanzetta
et al. (58). ATPase activity measured in the absence of metal was subtracted
from plotted values. Curves of ATPase activity vs. free Cu* or Cu*-chaperone
concentration were fit to v = (Vimax[donor-Cu*l)/([donor-Cu*] + Ky,).

Cu™ Transfer Assays. Cu™ transfer from the various Strep-tagged chaperones
to different Hisg-tagged ATPase constructs was performed as previously
described (8, 10). Briefly, each Strep-tagged, Cu*-loaded chaperone was
added independently in threefold molar excess to His-tagged AN-AtPAA1 or
AN-AtPAA2 bound to Ni**-nitrilotriacetic acid resin and incubated for
10 min at room temperature. Proteins were separated by washing with 25 mM
Hepes (pH 8.0), 100 mM sucrose, 500 mM Nacl, 0.01% DDM, 0.01% asolectin,
10 mM ascorbic acid, and 20 mM imidazole, followed by elution with 25 mM
Hepes (pH 8.0), 100 mM sucrose, 500 mM Nacl, 0.01% DDM, 0.01% asolectin,
10 mM ascorbic acid, and 300 mM imidazole. Cu* content of the resulting
fraction was determined by the BCA method (57). The absence of AN-
AtPAA1 or AN-AtPAA2 in the wash fractions and AtPCH1, AtPAA1-HMBD,
AtPAA2-HMBD, or AtCCS in the elution fractions was confirmed by immu-
noblotting with anti-Hisg-tag and anti-Strep-tag. Controls were performed
where Cu*-loaded chaperones or ATPases were subjected to the same pro-
cedures individually, lacking a partner Cu*-exchanging protein.

Antibody Production and Immunoblot Analysis. Polyclonal antiserum to the
N-terminal metal-binding domain of AtPAA1 (amino acids 103-245) was pro-
duced in rabbits by injection of purified recombinant protein (Covance Re-
search Products). Polyclonal antibodies were affinity-purified by coupling
the recombinant protein to NHS-activated agarose (Thermo Scientific Pierce)
according to the manufacturer’s protocol. A. thaliana plants, ecotypes Col-
0 and Ler and the mutants paa7-1, paal-3, and paa7-5 (20), were grown in
Sunshine Mix no. 2 (Sun Gro Horticulture) with 16 h of light (110 pmol of
photons per m™.s™") and 8 h of dark. Protein extracts were prepared from the
aerial portions of 2-wk-old seedlings according to Martinez-Garcia et al.
(59). Protein was quantified by BCA protein assay (Pierce) using BSA as
a standard. Equal protein amounts corresponding to 30 pg were separated
by SDS/PAGE [7.5% (wt/vol monomer) (acrylamide/bis acrylamide, 37.5:1) for
detection of AtPAA1 and 20% (wt/vol monomer) for detection of AtPCH1].

Isolation of Inner Envelope Vesicles and PEGylation Assay. Right-side-out inner
envelope vesicles from P. sativum chloroplast membranes were isolated from
intact chloroplasts of 12-d-old plants as described previously (60). Inner en-
velope vesicles were incubated with 10 mM PEG-Mal (Laysan Bio, Inc.) in 100
mM Tris-HCl (pH 7.0) containing 1 mM EDTA at room temperature in the
dark. The reaction was quenched by addition of 100 mM DTT and Laemmli
sample buffer. Bis-Tris gels [7.5% (wt/vol monomer) for PAA1 and 10%
(wt/vol monomer) for Tic20] were used with MES running buffer. PAA1
and Tic20 were detected by immunoblotting using anti-AtPAA1-HMBD and
anti-Tic20 antibodies (25), respectively.

PhoA-LacZax Fusions. The gene encoding the PhoA-LacZa reporter was amplified
from pMAG650 (61) using PhoALacZ_For and PhoALacZ_Rev. The 5’ region of
AtPAAT was amplified using PAA1_Pholac_For and PAA1_PholLac_1Rev for
construct 1, PAA1_PholLac_2Rev for construct 2, PAA1_PhoLac_3Rev for con-
struct 3, PAA1_PholLac_4Rev for construct 4, PAA1_Pholac_5Rev for construct
5, PAA1_Pholac_6Rev for construct 6, PAA1_PholLac_7Rev for construct 7,
PAA1_PhoLac_8Rev for construct 8, or PAA1_PholLac_9Rev for construct 9. The 3’
region of AtPAAT was amplified using PAA1_PholLac_Rev and PAA1_Pholac_1For
for construct 1, PAA1_Pholac_2For for construct 2, PAA1_Pholac_3For for
construct 3, PAA1_PholLac_4For for construct 4, PAA1_PhoLac_5For for con-
struct 5, PAA1_PhoLac_6For for construct 6, PAA1_Pholac_7For for construct 7,
PAA1_Pholac_8For for construct 8, or PAA1_PhoLac_9For for construct 9. For
each construct, a four-way ligation was performed between pBAD22 (digested
with Ncol/Nhel), the 5 fragment of AtPAAT (digested with Ncol/BamHI), the
gene encoding the PhoA-LacZa reporter (digested with BamHI/Xmal), and
the 3’ fragment of AtPAAT (digested with Agel/Nhel). The sequence-ver-
ified constructs were transformed into E. coli NEBa cells (New England
Biolabs) and plated on dual-indicator plates as described by Alexeyev and
Winkler (61), except that 0.2% arabinose was used for induction instead of
isopropyl p-b-1-thiogalactopyranoside.
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