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Plants contain small families of UPF0016 proteins including the PHOTOSYNTHESIS

AFFECTED MUTANT?71 transporter
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ABSTRACT

PHOTOSYNTHESIS AFFECTED MUTANT71 (PAM71) is an integral thylakoid membrane protein that
functions in manganese uptake into the lumen. Manganese is needed in the thylakoid lumen to build up
the inorganic Mn,CaOs cluster, the catalytic center for water oxidation, and is hence indispensable for
oxygen evolution. A recent study revealed that PAM71 is well conserved in plants and shares homology to
GCR1 DEPENDENT TRANSLATION FACTOR1 (GDT1) and TRANSMEMBRANE PROTEIN 165 (TMEM165) in
Saccharomyces cerevisiae and Homo sapiens, respectively. In most eukaryotes only single members of this
family, designated “Uncharacterized Protein Family 0016” (UPF0016), are present; however, plant genomes
contain genes for several UPF0016 proteins. In Arabidopsis thaliana, this protein family comprises 5
members, which mainly differ in their N-terminal regions. PAM71 and its closest homolog PAM71-HL
possess chloroplast transit peptides at their N-terminus. Two of the remaining 3 members are derived
from a segmental chromosomal duplication event and lack an N-terminal extension. Thus, plants have
evolved UPF0016 members residing in various compartments of the cell, whereas in non-plant eukaryotes
just a Golgi localization occurs. The identification of PAM71 as a candidate Mn?" transporter opens the
question on the function of the remaining plant members. Here we resume briefly our current knowledge
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of UPF0016 members in Arabidopsis in comparison to their yeast and human UPFO016 members.

Members of the Uncharacterized Protein Family 0016
(UPF0016; Pfam accession number, PF01169) are found in
nearly all organisms. They are present in all eukaryotes and in
many prokaryotes with only a few exceptions (e.g. Lactobacil-
lales and Bacillales).! The most prominent representative mem-
bers of this family are ScGDT1 from yeast,”” HsTMEM165
from human®'® and AtPAM71 ( = AtCCHAL1) from Arabi-
dopsis.'"'* ScGDT1 (GCR1 DEPENDENT TRANSLATION
FACTOR 1) contributes to Ca** homeostasis in yeast via an
uncharacterized Ca*" transport pathway localized in the Golgi
apparatus.” It was shown that gdtI mutant strains have a
growth defect in the presence of high concentrations of calcium
chloride, but behaved like wild-type under normal conditions.
It was speculated that SCGDT1 could be a Golgi localized Ca®*/
H* antiporter regulating Ca’" homeostasis in acidic Ca®*
stores. Interestingly the sensitivity to high concentrations of
calcium could be partially rescued by expression of a truncated
version of the human TMEMI165.> Defects in human
TMEM165 cause a rare inherited disease, which results in
severe growth and psychomotor retardations in affected
patients.*> More specifically, the patients possess a glycosyla-
tion defect in the Golgi, the so-called Congenital Disorder of
Glycosylation type II (CDG-II). Recent data support a role for
HsTMEM165 in Golgi Mn*" homeostasis, since Mn*" is a
cofactor of galactosyltransferases.” Mn>* dependent galactosyl-
transferases transfer galactose residues from UDP-Gal to the
N-glycans of proteins. Interestingly it was shown that the N-
glycosylation defects in HsTMEM165 depleted mammalian

cells could be rescued by the addition of MnCl, or MnSO,. Fur-
thermore, it was shown that the yeast gdtI strain was affected in
N-glycosylation under high calcium concentrations, and that
1 mM MnCl, was sufficient to completely suppress the glyco-
sylation deficiency seen under this condition. >

A recent study in Arabidopsis characterized the function of
a plant member of the UPF0016 family, AtPAM?7."! The pam71
mutant plants were found impaired in photosynthesis with a
primary defect in photosystem II (PSII). PSII is a multiprotein-
pigment complex that functions as a light-driven water:plasto-
quinone oxidoreductase in the thylakoid membrane and binds
all essential redox components.'>'* PSII subunits provide the
ligands for the Mn,CaOs cluster that is the catalytic center for
water oxidation and oxygen evolution. The Mn,CaOs cluster is
also called the oxygen-evolving complex (OEC) and provides,
together with its protein vicinity,"”” the optimal environment
for this process. It was concluded that reduced Mn*" import
into the thylakoid lumen of pam7I chloroplast leads to
decreased oxygen-evolving complex formation (Fig. 1), which
in turn affects PSII efficiency. Reduced PSII efficiency finally
results in less reducing power and ATP for CO, assimilation.
In consequence, fewer carbohydrates are available for plant
growth and development. The pam71 mutants have pale green
leaves along with compromised growth. Interestingly, growth
retardation and PSII defects could be restored by exogenous
treatment with Mn®"."" Based on this findings and homology
to human TMEM165 it was postulated that AtPAM71 func-
tions as a Mn*" importer into the thylakoid lumen. Because
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Figure 1. Model for the role of AtPAM71 in Mn®** homeostasis in chloroplasts. The
left part of the scheme shows the wild-type situation where AtPAM71 tentatively
functions as Mn®* transporter. Here, sufficient Mn*" is delivered into the thylakoid
lumen to ensure optimal oxygen-evolving complex (OEC) formation and hence
PSII assembly. The right part of the scheme illustrates the situation in the pam71
mutant. Here, a limited amount of Mn** import into the thylakoid lumen may
occur through the action of Low Affinity Systems (LAS) resulting in decreased oyx-
gen evolving complex formation. This senario finally results in less photosystem |l
(PSIl) assembly and functionality. PSIl subunits are colored in green and light
green, the Mn,CaOs cluster (OEC) in pink, the protein environment of the OEC in
blue, light blue and gray, transport systems (PAM71 and LSA) in brown and light
brown.

pam71 mutant plants were able to grow photoautotrophally,
the existence of low affinity systems located at the thylakoid
membrane is emphasized (Fig. 1), which compensate the
reduced Mn* import into the lumen. These low affinity sys-
tems were postulated to drive massive cation uptake into the
thylakoid lumen causing an imbalance in calcium homeostasis
in pam71 mutant plants.'"" The impact of AtPAM71 on PSII
function, levels of thylakoid proteins, nonphotochemical
quenching, PSI redox kinetics and calcium homeostasis was
verified in an independent study.'” In that study Atlg64150
was named AtCCHAL1 for putative CHLORPLAST-LOCAL-
IZED CA**/H'* ANTIPORTERI based on its homology to
yeast ScGDT1."?

Sequence similarity of AtPAM71 with other UPFO016
family members

The founder of the UPF0016 family in plants is called
AtPAM71 ( = AtCCHA1), named after the mutant phenotype
of the respective loss-of-function mutation of gene At1g64150.
The closest homolog of AtPAM71 is named AtPAM71-HL (or
AtGDT1-Like2 as annotated at NCBI), which is the gene prod-
uct of At4g13590 (Fig. 2). Both proteins share 49% identity
over their entire length. This protein pair is strictly conserved
in the green lineage, because we identified always for each of
the 2 proteins one homolog in other plant species and in green
algae."’ Accordingly, loss-of-function of CrCGLDI in the green
algae Chlamydomonas reinhardtii resulted in reduced PSII
function'® similar to that observed in the Arabidopsis pam71
mutant. Furthermore, this defect could be partially compen-
sated by the addition of MnCl, to the growth medium."' There-
fore, the function of PAM71 and maybe also that of PAM71-
HL is presumably conserved in the green lineage. In this con-
text, it is important to note that PAM71-HL and PAM71 are
not redundant within the plant, because these proteins reside
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Figure 2. Phylogenetic tree based on selected members of the UPF0016 family,
including all members of Arabidopsis, yeast and human. The phylogenetic tree
was constructed with MEGA7*>2® and the evolutionary history was inferred by
using the Maximum Likelihood method based on the General Reversible Chloro-
plast model.”” The tree is drawn to scale with branch lengths measured in the
number of substitutions per site, the scale bar corresponds to 0.2 substitutions per
site. Sequence data were obtained from NCBI and accession numbers were
reported.’’ AtGDT1-L2 to AtGDT1-L5 correspond to AtGDT1-Like2 to AtGDT1-Like5
in the main text.

in different membrane systems within the chloroplast (see
below).

The Arabidopsis genome contains 3 additional genes encod-
ing proteins that belong to the UPF0016 family, namely
At5g36290 (AtGDT1-Like3), At1g25520 (AtGDT1-Like4) and
At1g68650 (AtGDTI1-Like5) (Fig. 2). The proteins share 38%
(AtGDTI1-Like3), 32% (AtGDTI-Like4) and 32% (AtGDTI-
Like5) identical amino acids with AtPAM71 when applying
blastp at NCBL."” The gene pair At1g25520 and At1g68650 was
found in a duplicated region encompassing 57 gene loci on
chromosome 1 of Arabidopsis (http://chibba.agtec.uga.edu/
duplication).'® Thus, this gene pair presumably originated
from a segmental chromosomal duplication event in a progeni-
tor of Arabidopsis and accordingly this duplication is also pres-
ent in Arabidopsis lyrata and Capsella rubella. Interestingly,
genomes of Brassica oleracea and Brassica rapa have acquired
extra gene copies encoding GDT1-Like 4/GDT1-Like5 proteins:
Brassica oleracea contains 3 genes encoding GDT1-Like4/
GDT1-Like5 proteins and Brassica rapa contains 5 genes
encoding GDT1-Like4/GDT1-Like5 proteins, some arose from
segmental chromosomal duplication events. Thus, and different
to PAM71/PAM71-HL", GDT1-Like4/GDT1-Like5 is not
strictly conserved as a pair in plants.

In contrast to plants, only single members of the UPF0016
family were identified in human and yeast (Fig. 2) and other
eukaryotes and prokaryotes.'

Structural similarity of AtPAM71 with other UPF0016
family members

The overall structure of eukaryotic members of the UPF0016
family is characterized by 2 clusters of 3 transmembrane
domains (numbered TM1 to TM3 and TM4 to TM6), separated
by a central loop' (Fig. 3). Although the central loops vary in
length between 31 amino acids (in AtPAM71) and 61 amino
acids (in ScGDT1), they all contain several acidic residues."”'"
Two highly conserved E-x-G-D-(KR)-(TS) motifs are found in
transmembrane domains TM1 and TM4, each which 2 nega-
tively charged acidic residues. Together, these features
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Figure 3. Motif diagram of selected members of the UPF0016 family, including all
members of Arabidopsis, yeast and human. Transmembrane helix predictions were
performed with TmHMM2.0%® and adjusted manually afterwards. The subcellular
localization based on the N-terminal amino acid sequence and the prediction of
the respective cleavage site was performed with TargetP1.1.2° Signal peptides
were discriminated from transmembrane regions using SignalP4.0.3° The scale bar
represents 20 amino acids.

presumably provide a suitable environment for the binding and
transport of cations. So far there is evidence for AtPAM71 to
function as Mn>* transporter, and a broader specificity for
other divalent cations cannot be excluded.'’? In addition,
ScGDT1 and HSTMEMI165 were postulated as Ca®t/H"
exchangers,” although some recent experimental data suggest
a role for HSTMEM165 as Mn** transporter canditate.” Taken
together the amino acid analysis as well as experimental data
strongly support the idea that the UPF0016 family represents a
new family of cation transporters and we anticipate the remain-
ing plant homologs to act also as Mn>* (and/or Ca®") trans-
porters. The mode of Mn*" transport remains enigmatic at
present, perhaps a Mg”*/H" exchange mode is imaginable for
AtPAM71. The acidic pH inside the thylakoid lumen could
drive Mg®" uptake from the chloroplast stroma into the lumen
via AtPAM71, resembling the transport mode of the K™/H*
antiporter KEA3.">?° The later one was shown to drive luminal
K™ uptake using the pH gradient of the thylakoid membrane to
dissipate a high ApH.">*°

The highest diversity is found in the N-terminal region of
UPF0016 proteins. Both proteins, ScGDT1 and HsSTMEM165,
are predicted to possess an N-terminal cleavable secretory path-
way signal peptide (Fig. 3), which is occasionally also predicted
as a transmembrane domain. Indeed, HSTMEM165 was found
mainly in the trans-Golgi membranes in mammalian cells* and
ScGDT1 was localized in the cis- and medial Golgi of yeast.”
Out of the 5 Arabidopsis members, an N-terminal cleavable
secretory pathway signal peptide is only predicted for
AtGDT1-Like3 (Fig. 3). AtGDT1-Like4 and AtGDT1-Like5
lack N-terminal extensions nevertheless some prediction pro-
grams suggest that they are also substrates of the secretory
pathway (http://aramemnon.botanik.uni-koeln.de/).*!
AtPAM71 and AtPAM71-HL contain N-terminal cleavable
chloroplast transit peptides of approximately 70 amino acids
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(Fig. 3). Accordingly, AtPAM71-HL was found enriched in the
chloroplast envelope membrane fraction,”>**** and for
AtPAM71 a thylakoid membrane localization was demon-
strated.'’ Therefore, it can be concluded that the N-terminal
regions of UPF0016 eukaryotic members target the respective
proteins to their subcellular destination. It remains to be deter-
mined, whether the N-terminus might also contribute to regu-
lation and/or sensing of cation homeostasis and by that
impacts on the adjustment to different cation requirements of
the organelle.
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