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Introduction

Plastids are unique organelles of plant cells. Among the different 
plastid types, chloroplasts perform oxygenic photosynthesis, and 
are crucial for cell metabolism and plant growth. Photosynthesis 
is also vital for aerobic and heterotrophic life on Earth, because 
it produces molecular oxygen and the carbohydrates that sustain 
every food chain. The light reactions of photosynthesis use very 
abundant resources on Earth, water and sunlight, to produce 
molecular oxygen. Nevertheless, the main purpose of these reac-
tions is to provide chemical energy (ATP) and reducing power 
(NADPH), to drive the so-called dark reactions of photosynthe-
sis in the chloroplast soluble stroma, resulting in incorporation of 
CO

2
 from the atmosphere into carbohydrates. Chloroplasts and 

other types of plastids use the products of photosynthetic reactions 
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to synthesize fatty acids, amino acids, pigments and nucleic acids. 
The apparatus involved in the light reactions consists of four major 
multisubunit protein complexes, namely PSII, cytochrome b

6
f, PSI 

and the ATP synthase CF
0
F

1
.1 All four photosynthetic complexes 

are located in the thylakoid membrane, which is, therefore, also 
known as the photosynthetic membrane. The first three complexes 
are involved in sunlight absorption, electron extraction from water 
and transfer to NADP+, whereas the fourth complex uses the H+ 
gradient established across the thylakoid membrane to power ATP 
synthesis.2 We have gained great knowledge about the structure 
and function of photosynthetic complexes, using various biophysi-
cal, biochemical and genetic approaches.1,3 Furthermore, the recent 
crystal structures have provided refined models of protein-protein 
interactions, and arrangement of cofactors in these complexes.1,2 
Their biogenesis, regulation, protection and repair must be rigor-
ously performed to ensure photosynthetic efficiency during ever-
changing and even stressful environmental conditions.3 Crucial for 
these processes is an array of auxiliary proteins, including kinases, 
phosphatases, proteases, stress-induced and heat-shock proteins 
as well as solute and metabolite transporters. In order to under-
stand the importance of auxiliary proteins for the photosynthetic 
process itself, but also in the functioning of other plastid types, 
dedicated efforts are required to identify and characterize them 
at the molecular level. This review focuses on solute transporters 
of the thylakoid membrane, a field that has, until recently, been 
largely unexplored as compared to that of transporters from other 
membrane systems, including the chloroplast envelope. The enve-
lope transporters mediate communication between the chloro-
plast soluble stroma and the cytosol, and further on with the rest 
of the cell. The biochemical function of thylakoid transporters is 
to exchange solutes between the chloroplast stroma and thylakoid 
lumenal space. Their physiological role is expected to be directly or 
indirectly connected to photosynthesis.

Classification and Strategies for Identification of 
Plant Thylakoid Transporters

The most common transport proteins found in biological mem-
branes belong to one of the following three categories, according to 
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Plants utilize sunlight to drive photosynthetic energy conver-
sion in the chloroplast thylakoid membrane. Here are located 
four major photosynthetic complexes, about which we have 
great knowledge in terms of structure and function. However, 
much less we know about auxiliary proteins, such as trans-
porters, ensuring an optimum function and turnover of these 
complexes. The most prominent thylakoid transporter is the 
proton-translocating ATP-synthase. recently, four additional 
transporters have been identified in the thylakoid membrane of 
Arabidopsis thaliana, namely one copper-transporting P-ATPase, 
one chloride channel, one phosphate transporter, and one ATP/
ADP carrier. Here, we review the current knowledge on the 
function and physiological role of these transporters during 
photosynthesis and light stress in plants. Subsequently, we make 
a survey on the outlook of thylakoid activities awaiting identi-
fication of responsible proteins. Such knowledge is necessary 
to understand the thylakoid network of transporters, and to 
design strategies for bioengineering crop plants in the future.
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the most prominent membrane transporter identified. To our 
knowledge, there is no information available about the number 
of predicted thylakoid transporters. The most likely explana-
tion is that the available prediction programs cannot distinguish 
between targeting peptides for envelope and thylakoids, which 
has led to assigning an envelope location to most of the putative 
chloroplast transporters. In the last five years, four new solute 
transporters have been identified in addition to CF

0
F

1
 in thyla-

koids using various methods, and most recently one of them also 
using proteomics14 (Table 1). Therefore, it is necessary that using 
bioinformatics-based tools to find putative transporters in model 
plants with sequenced genome, and subsequently use a functional 
genomics approach for experimental validation (Fig. 1).6,13,15 
Arabidopsis has been an excellent model plant to identify and 
characterize transporters from chloroplasts and other compart-
ments with the help of available genomic information and a wide 
variety of genetic tools. This includes localization studies using 
GFP-constructs, immunological techniques, in vitro organellar 
import, expression studies using quantitative RT-PCR, func-
tional studies using heterologous expression and activity assays, 
and phenotypic analyses of knockout mutants. Such genetic tech-
niques have been used to identify and characterize in Arabidopsis 
the thylakoid transporters described below, namely the Cu2+-
transporting P-ATPase PAA2, the chloride channel CLCe, the 
thylakoid ATP/ADP carrier TAAC, and the Na+-dependent Pi 
transporter ANTR1 (Table 1 and Fig. 2).

The Chloroplast ATP-Synthase

The chloroplast ATP synthase CF
0
F

1
 completes the energy trans-

duction of the electron transport chain from water to NADPH, 
by using the generated electrochemical H+ gradient to drive ATP 
synthesis from ADP and Pi, in a process known as photophos-
phorylation.1 This photosynthetic complex belongs to the F-type 
ATPase family of primary transporters. Paul D. Boyer, John E. 
Walker and Jens C. Skou were awarded in 1997 Nobel prize in 
Chemistry for the elucidation of the mechanism of ATP synthesis 
by F-ATPases. F

0
F

1
-ATPase contain multiple subunits arranged 

in a hydrophilic structure (F
1
) interacting with nucleotides, 

and coupling the ATP synthesis to the electron transport, and 
a hydrophobic structure (F

0
), forming a channel, which trans-

ports H+ across the membrane (Fig. 2). F
0
F

1
 can be viewed as 

an enzymatic machinery combining mechanical, electrical and 
chemical aspects. The electrochemical motive force powers the 
electrical rotary motor F

0
, driving in its turn the chemical motor 

F
1
 to produce ATP. The latest insights into the rotary mechanism 

of this machinery have been reviewed,16 revealing torque genera-
tion and an elastic mechanical-power transmission from F

0
 to F

1
. 

The elastic power transmission between the two motors has been 
proposed to smooth their cooperation without the need for fine 
tunning.

F
0
F

1
-ATPases are present in both prokaryotic and eukaryotic 

organisms, localized in energy-transducing membranes, such 
as the cytoplasmic membrane of some bacteria, the mitochon-
drial inner membrane, and the chloroplast thylakoid membrane. 
The plant CF

0
F

1
 has not yet been crystallized, though recently 

the TC system: channels/porins (TC #1), secondary transporters 
(TC #2), and primary transporters/pumps (TC #3).4 Channels/
porins are non-energy consuming, since they transport down the 
concentration gradient, and are the fastest (107–108 molecules/s). 
The main types are voltage-gated ion channels, aquaporins and 
porins. Secondary transporters use the gradient of co-transported 
molecules for transport, and work at an intermediate rate (102–
104 molecules/s). The two main types are antiporters (exchang-
ers) and symporters (co-transporters). Primary transporters/
pumps consume energy (mainly ATP) for transport against the 
concentration gradient, and are the slowest (1–103 molecules/s). 
There are four types of ATP-utilizing pumps in biological mem-
branes, namely ATP-binding cassette (ABC) transporters, F-type 
ATPases, vacuolar V-ATPases and P-type ATPases. Following 
the sequencing of the Arabidopsis thaliana genome,5 bioinformat-
ics analyses indicated the existence of 1,000 membrane trans-
porters,6 representing 4.5% of the total number of nuclear gene 
products. Most recently, it has been reported a distribution of the 
putative transporters from Arabidopsis into the three main TC 
categories as follows: 13% ion channels, 67% secondary trans-
porters, and 18% ATP-dependent pumps.7 Transport proteins 
belonging to these categories are represented in the three chlo-
roplast membrane compartments, namely the outer envelope, 
the inner envelope, and the thylakoid membrane. These chloro-
plast membranes are distinct subcellular compartments in sev-
eral aspects. The outer chloroplast envelope membrane has been 
thought for a long time to be freely permeable to solutes, while 
the inner envelope and the thylakoid membrane are known to 
function as selective barriers. However, several porins with dis-
tinct substrate specificity have been identified in the outer enve-
lope membrane.8,9 Many different chloroplast transporters from 
the inner envelope have been extensively studied and reviewed.6,8

This particular review is dedicated to thylakoid solute transport-
ers, belonging to the three TC categories.

Mass-spectrometry-based proteomics has been a very success-
ful approach in identifying a tremendous number of chloroplast 
proteins.10-12 Notably, most of them were soluble, peripherally 
bound or integral proteins with 1–2 predicted transmembrane 
domains. The identification of chloroplast transporters using 
large-scale proteomics has been much more successful in the 
case of the inner envelope membrane10 than of the thylakoid 
membrane, and hampered by the fact that, this type of proteins 
are highly hydrophobic, polytopic and maybe present in much 
lower abundance (10,000 fold, and in some cases 100,000 fold) 
than photosynthetic proteins. To illustrate this problem, we 
provide below some numbers extracted from several proteomics 
reviews,6,13 and from the current release of the Plant Proteome 
DataBase (PPDB, http://ppdb.tc.cornell.edu/). In Arabidopsis, 
plastids are predicted to contain around 15% of the nuclear gene 
products, corresponding to 4,919 proteins. Among them, 660 
integral membrane proteins are predicted as envelope proteins, 
including 100–150 putative transporters. For comparison, a total 
of 1,367 proteins have been experimentally identified in plastids 
using proteomics, including 45 envelope transporters. Using the 
same approach, a total of 384 proteins have been identified in 
thylakoid membranes, including the highly abundant CF

0
F

1
, as 
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pea,18,19 and several proteins have been identified in Arabidopsis 
as members of the metal ion-transporting P-type ATPase super-
family.18,20,21 Among them, PAA1 and PAA2 have most simi-
lar sequences (43% identity).21 Using GFP-based fluorescence 
microscopy, PAA1 was localized to the envelope, and PAA2 
to the thylakoid membrane (Fig. 2).21 In the same report, the 
thylakoid location of PAA2 was also confirmed using in vitro 
chloroplast import and fractionation (Table 1). Most recently, 
a soybean homologue of Arabidopsis PAA2 has been localized 
to the thylakoid membrane using peptide-specific antibodies, 

a composite model was obtained using both structural 
and available biochemical information. The modelled 
CF

0
F

1
 consists of different crystallized subunits of the 

F
0
F

1
 from bovine mitochondria and yeast.1 Six subunits 

of the CF
0
F

1
 are encoded in the chloroplast genome, 

while three subunits are nuclear gene products (Table 
1). The nuclear-encoded gamma subunit CF1-atpC has 
been shown to be crucial for photosynthesis, since its 
inactivation by T-DNA insertion mutagenesis destabi-
lized the entire CF

0
F

1
 complex, and abolished the pho-

tophosphorylation reaction.18 Instead, a high level of 
H+ accumulation was observed in the thylakoid lumen, 
leading to swollen thylakoids and unusually high levels 
of dissipation of excess light energy as heat. Although 
there are no reports on mutagenesis of other major sub-
units of the CF

0
F

1
 from Arabidopsis, it is expected that 

the effects would be very similar to those observed for the gamma 
subunit.

The Thylakoid Copper-Transporting P-Type ATPase

Copper is a metal component of proteins located in the thyla-
koid lumen, including plastocyanin and polyphenol oxidase, and 
also a cofactor of stromal Cu/Zn SOD involved in scavenging 
of reactive oxygen species. Transport of Cu2+ ions across chlo-
roplast envelope and thylakoid membranes has been reported in 

Table 1. Thylakoid solute transporters from Arabidopsis thaliana

Category name (thylakoid members)
AGI 

 number
Location 
method

Substrate 
specificity

Physiological role

Primary transporters

ATPase alpha subunit, CF1-atpA AtCg00120

P

ATP, ADP

Photophosphorylation, ATP supply for CO2 
 fixation and other energy- dependent  chloroplast 

processes

ATPase beta subunit, CF1-atpB AtCg00480

ATPase gamma subunit, CF1-atpC At4g04640

ATPase delta subunit, CF1-atpD At4g09650

ATPase epsilon subunit, CF1-atpe AtCg00470

ATPase i subunit, CF0-i-atpF AtCg00130

H+
ATPase ii subunit, CF0-ii-atpG At4g32260

ATPase iii subunit CF0-iii-atpH AtCg00140

ATPase iv subunit, CF0-iv-atpi AtCg00150

Cu2+-transporting ATPase (AtPAA2) At5g21930 GFP, Ci Cu2+ Copper supply for photosynthetic electron 
transport

Channels

Chloride channel (AtCLCe) At4g35440 GFP, wB Cl-? NO2
-?

Nitrate homeostasis in chloroplasts, Balance 
transthylakoid proton gradient?

Secondary transporters

Anion transporter 1 (AtANTr1/AtPHT4;1) At2g29650 GFP, wB Pi Pi recycling to the stroma, Photoprotection?

Thylakoid ATP/ADP carrier (AtTAAC) At5g01500
GFP, P, wB, 

iG
ATP, ADP

ATP supply for thylakoid biogenesis, turnover, 
Photoprotection

The transporters identified in the thylakoid membrane are classified according to the Transport Classification Database (http://www.tcdb.org/). The 
accession numbers in Arabidopsis (Arabidopsis gene index, AGi) are indicated. The thylakoid location is based on data obtained using proteomics (P), 
labeling with green fluorescent protein (GFP), immunogold electron microscopy (iG), western blotting (wB) or in vitro chloroplast import (Ci). The 
‘?’ symbol indicates that the corresponding information remains to be verified. references for localization and substrate specificity are provided in the 
text, describing each thylakoid transporter.

Figure 1. Flow scheme for experimental validation of putative transporters using 
a functional genomics approach in Arabidopsis thaliana.
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have not been measured in Arabidopsis 
photosynthetic membranes, such activities 
have been previously reported in the higher 
plant Peperomia metallica.24 Chloride chan-
nel (CLC) family comprises seven mem-
bers in Arabidopsis, localized to various 
membrane compartments, namely vacuoles 
(AtCLCa), Golgi (AtCLCd and AtCLCf) 
and thylakoid membrane (AtCLCe).25,26 
The vacuolar AtCLCa member was shown 
to function as a 2NO

3
-/H+ exchanger, and 

therefore, proposed to play a role in nitrate 
homeostasis.27 Most recently, it has been 
reported that ATP binding to this pro-
tein regulates its transport activity.28 The 
AtCLCe member has been localized using 
GFP-based fluorescence microscopy and 
peptide-specific antibodies to the thylakoid 
membrane of chloroplasts.29 In agreement 
with this subcellular localization, AtCLCe 
expression is higher in green tissues com-
pared with roots, and the clce mutants dis-
play a phenotype related to photosynthetic 
activity.

AtClCe has been predicted to function 
as a voltage-gated chloride channel in thy-
lakoids (Fig. 2), supporting very specific 
biological functions, but not in anion accu-
mulation. Most recently, it has been pro-

posed that, in chloroplasts, Cl- and, most probably NO
2

- are good 
candidates as counter-anions able to compensate for the excess 
positive charges in the thylakoid lumen.30 In this situation, altera-
tions in ionic strength or osmotic properties of chloroplast com-
partments may, in turn, directly or indirectly increase the nitrite 
level, most probably in the cytosol, as exhibited by both clce and 
clca mutants. This might suggest a role for AtClCe in nitrite trans-
location from the stroma into the thylakoid lumen, taking over 
from the nitrite transporter of the chloroplast envelope.31 The sim-
ilar phenotype of clce and clca indicates interconnectiong roles of 
AtClCa and AtClCe in nitrate homeostasis, involving two differ-
ent endocellular membranes.30 It remains to be demonstrated, for 
example, by measuring lumenal pH of the clce mutants whether 
CLCe activity plays also a role in balancing the trans-thylakoid 
proton gradient (Table 1).

The Thylakoid Pi Transporter

Pi is an essential nutrient for plant growth, since it is a key compo-
nent of nucleotides, nucleic acids, proteins, and many metabolic 
compounds in the cell. At the same time, it plays regulatory roles, 
including modulation of photosynthesis. Its concentration in the 
plant cell has to be maintained within relatively narrow limits, 
and this is achieved through transport and metabolic recycling 
across cellular membranes. Combination of experimental evi-
dence and genome sequence analysis indicate that plants contain 
a wide variety of Pi transporter genes. Five distinct families of 

immunofluorescence and immunogold electron microscopy.22

PAA1 and PAA2 use the energy of ATP hydrolysis for transport 
and work, most likely, in series, as follows: PAA1 transport Cu2+

ions into the chloroplast, and then PAA2 transports these ions 
across the thylakoid membrane, into the lumen, where copper plays 
an essential role in the photosynthetic electron transport through 
plastocyanin.18,21 The phenotypes reported for the paa1 and paa2 
knockout mutants support the distinct location and function of 
the two proteins. The paa1 mutant displays an impaired import 
of copper into the chloroplast, resulting not only in insufficient 
formation of holoplastocyanin and deficiency in photosynthetic 
electron transport, but also in the lack of stromal Cu/Zn SOD 
in green tissues.18,21 The paa2 mutant displayed a deficient photo-
synthetic electron transport, but with no effects on the expression 
of the Cu/Zn SOD. The double paa1-2 mutant was found to be 
seedling lethal,21 pointing to the importance of the two P-ATPases 
in the supply of copper for photosynthesis and protection against 
reactive oxygen species.

The Thylakoid Chloride Channel

In animal and plant cells, anion channels/transporters play a role 
in the maintenance of electrochemical gradient and in signaling 
pathways allowing adaptation to stress of both biotic and abiotic 
type.23 Channels from the plasma membrane are best characterized, 
using electrophysiological techniques, but, the proteins responsi-
ble are in most cases so far not identified. Although anion currents 

Figure 2. Current picture of thylakoid solute transporters from Arabidopsis thaliana. Chloro-
plasts are structurally organized in three membrane compartments (outer envelope, inner enve-
lope and thylakoid membrane), and two soluble compartments (stroma and thylakoid lumen). The 
diagram shows the following transporters, that have been localized to the thylakoid membrane, 
and functionally characterized: the H+-translocating ATP synthase CF0F1, the Cu2+-transporting 
P-type ATPase PAA2, the thylakoid ATP/ADP carrier TAAC, the Na+-dependent Pi transporter 
ANTr1, and the chloride channel CLCe.
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hydrogenosome, amyloplast and chloroplast.41 There are at least 
five AACs among the 58 predicted members of the mitochondrial 
carrier family in Arabidopsis, and some of them have been heter-
ologously expressed and functionally characterized.42

The activity of the first chloroplast member of the mitochon-
drial carrier family was reported in the spinach thylakoid mem-
brane, transporting ATP into the lumenal space.43 Bioinformatics 
searches for proteins responsible for this transthylakoid activity, 
led to one candidate in Arabidopsis, named thereafter AtTAAC 
(Table 1 and Fig. 2). The protein has been localized to the thy-
lakoid membrane using immunogold labeling, western blotting, 
and most recently using proteomics.14,44 A recombinant AtTAAC 
protein has been expressed in Escherichia coli, and found function-
ally inserted into the cytoplasmic membrane. Based on uptake 
studies in intact cells as well as transport assay using Arabidopsis 
thylakoid membranes, an ATP/ADP exchange-type of transport 
has been demonstrated for the thylakoid carrier.

The AtTAAC gene is highly expressed in young photosynthetic 
organs, such as developing leaves, flower buds and green siliques.44 
Therefore, a role for TAAC in thylakoid biogenesis was proposed. 
TAAC expression is strongly upregulated in leaves undergoing 
senescence or exposed to wounding, high light stress, oxidative 
stress, salt stress and desiccation, pointing to an additional role 
in supplying ATP for energy-dependent processes during thyla-
koid turnover. In the same report, a T-DNA insertion taac mutant 
displayed reduced ATP transport across the thylakoid membrane. 
Phenotypic analyses of this mutant indicated a better photopro-
tection during short term high light stress, and increased sensitiv-
ity to prolonged high light stress as compared to the wild-type 
plants (Yin L, Schoefs B, Spetea C, unpublished observations). 
The increased sensitivity is attributed to an impaired PSII repair 
cycle (see below).

The Critical Role of Thylakoid Transporters during 
High Light Stress in Plants

Plants have many different strategies to cope with fluctuations 
of light intensities in their environment, ensuring high levels of 
survival and productivity.45,46 A sustained exposure to excess radi-
ance will, however, lead inevitably to photoinhibition, decline in 
photosynthetic efficiency and productivity.47,48 Various types of 
environmental stresses, such as cold, heat, salt and oxidative stress 
enhance the extent of photoinhibition.49

Among photosynthetic complexes, the water-oxidizing PSII 
complex has attracted a special attention, since its electron trans-
port chain is inactivated, and the reaction center D1 subunit is 
oxidatively damaged, degraded and replaced under excess and 
even optimal light conditions.50,51 In order for the plant to survive, 
PSII complex undergoes a multi-step repair cycle to replace D1 
and reactivate the electron transport chain in the complex.51,52 D1 
protein degradation itself is a multi-step proteolytic event, requir-
ing GTP and ATP, and performed by Deg and FtsH proteases.53-57 
The PSII repair cycle is regulated by reversible phosphorylation of 
several core subunits, including D1.58 In Figure 3 are shown only 
the steps involving monomerization of the dimeric complex, and 
partial disassembly of the PSII core monomer to allow access of 

secondary Pi transporters have been so far characterized, namely 
the H+-coupled Pi transporters PHT1 to PHT4, and the plastidic 
Pi transporters pPT, each of them being composed of multiple 
members.32-34

The thylakoid Pi transporter belongs to the most recently char-
acterized PHT family, PHT4.34 PHT4 members share sequence 
similarity with a mammalian anion transporter family, known as 
SLC17 or type I Pi transporters, and therefore, PHT4 has been 
initially annotated as the ANTR family. However, in contrast to 
SLC17 transporters, which have a broad substrate specificity (Pi, 
organic anions and chloride), PHT4 members specifically trans-
port Pi.34,35 PHT4;1, alias ANTR1, has been characterized using 
two expression systems: as a H+-dependent Pi transporter in yeast 
and as a Na+-dependent one in Escherichia coli. Five of the six 
PHT4 members are targeted to plastids, and the sixth one to the 
Golgi.34

Using GFP-based fluorescence microscopy, PHT4;1 has been 
localized to the Arabidopsis chloroplasts.36 Later on, its intrachlo-
roplast location has been addressed using two specific peptide-
directed antibodies, which could distinguish between the envelope 
PHT4;4 and the thylakoid PHT4;1 protein.35 PHT4;1 has been 
shown to have a circadian rhythm-regulated expression pattern.37

In plants, PHT4;1 is proposed to recirculate Pi from the thy-
lakoid lumen to the stroma (Fig. 2), whereas PHT4;4 has been 
proposed to supply stroma with cytosolic Pi.34 The function of 
PHT4;1 has not yet been studied in Arabidopsis, but it is likely 
that it can transport Pi in or out of the thylakoid lumen, depend-
ing on the direction of the H+ or Na+ ions gradient. Whether 
these ions are co-transported with Pi has not been demonstrated 
either. Interestingly, most recently, a Na+/H+ antiporter (Nhas3) 
has been localized to the thylakoid membrane of Synechocystis sp. 
PCC 6803,38 and proposed to function as a dissipator of the H+ 
gradient generated during photosynthesis. Its Arabidopsis homo-
logue remains to be identified. Phenotypic analyses of knockout 
mutants of PHT4;1 will hopefully reveal the physiological role of 
this protein during photosynthesis and plant growth.

The Thylakoid ATP/ADP Carrier

ATP is the most highly charged species transported across bio-
logical membranes. This nucleotide drives many different energy-
dependent processes in chloroplasts, including phosphorylation, 
folding, import and degradation of various proteins.39 Alternatively, 
it is enzymatically converted to other nucleotides, such as GTP, 
which is subsequently used by GTP-binding proteins in mediat-
ing signal transduction and other chloroplast processes. There are 
two types of adenine nucleotide transporters represented in chlo-
roplasts, which are structurally and phylogenetically different, 
namely the plastidic nucleotide translocators (of prokaryotic ori-
gin), and the mitochondrial carriers (eukaryote-specific).39 There 
are two identified envelope ATP/ADP translocators proposed to 
import ATP into the chloroplast at night, when the photosyn-
thetic electron transport and CF

0
F

1
 are inactive.40 The proteins 

belonging to the mitochondrial carrier family were first recognized 
in the mitochondrial inner membrane. In addition to the mito-
chondrion, such carriers have also been found in the peroxisome, 
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transport mediated by TAAC, addi-
tion of uncouplers during transport 
assays in Escherichia coli as well as thyla-
koid membranes was found effective.44 
Therefore, it appears as TAAC trans-
port activity consumes a fraction of the 
H+ gradient across the thylakoid mem-
brane. Notably, the taac mutants display 
higher levels of photoprotection than the 
wild type (Yin L, Schoefs B and Spetea 
C, unpublished observations), confirm-
ing that a larger fraction of the gradient 
becomes available for thermal dissipa-
tion of excess light energy. Higher levels 
of photoprotection were also detected 
for mutants lacking the thylakoid 
ANTR1 protein (Karlsson P, Spetea 
C, unpublished observations). Thus, it 
appears that TAAC and ANTR1 play 
a role to maintain steady and balanced 
electrochemical gradient across the thy-
lakoid membrane.

Thylakoid Transporters 
Awaiting Identification

We have above reviewed the current 
knowledge available about thylakoid 
transporters. However, the list is far 
from complete. Below we review the 
evidence from the published literature 

for transport activities in the thylakoid membrane (highlighted in 
italics), awaiting identification of the responsible proteins.

Essential metals, including manganese, calcium and magne-
sium, are required for the operation of oxygenic photosynthesis. 
Therefore, it is expected that Arabidopsis mutants defective in the 
transport of these essential metals will have severe phenotypes. 
Manganese and calcium ions are components of the oxygen-
evolving complex, located on the lumenal side of PSII complex.65 
One MntABC transport system has been identified in the plasma 
membrane of the photosynthetic bacterium Synechocystis sp. PCC 
6803,66 but no homologues have been predicted in plant chloro-
plasts. There are reports supporting the existence of a calcium/
proton antiporter in the thylakoid membrane of pea, working in a 
light-dependent manner, but the responsible protein has not been 
yet identified.67 Magnesium is the most abundant metal in the thy-
lakoid membrane, since it is a component of chlorophyll, which is 
the major pigment involved in light harvesting and primary light 
reactions. In addition, efflux of magnesium ions from the thyla-
koid lumen has been proposed to participate in formation of the 
electrochemical gradient across the thylakoid membrane,68 how-
ever, the protein involved is unknown.

We have above reviewed the identification of an anion channel 
in the thylakoid membrane. The activity of various cation channels 
(potassium and divalent cations) has been reported in the thyla-
koid membrane using electrophysiology.69-72 By allowing specific 

Deg and FtsH proteases to the proteolytic sites of the damaged D1 
protein. During these steps, the transport activities of TAAC and 
ANTR1 are proposed to play a critical role, as explained below and 
illustrated in Figure 3.

ATP synthesized by CF
0
F

1
 on the stromal side of the thylakoid 

membrane, is translocated by TAAC into the lumen, where it is 
converted to GTP by the nucleoside diphosphate kinase NDPK3.43

GTP binds to the extrinsic PsbO subunit of the PSII complex.43,59

PsbO hydrolyzes GTP to GDP and Pi, and is subsequently 
released from its docking site on PSII complex.59 This facilitates 
dissociation of the CP43 subunit of the PSII core monomer and 
subsequent D1 proteolysis.53,60 Notably, between the two PsbO 
isoforms in Arabidopsis, it has recently been reported that PsbO2 
plays an essential role in D1 turnover during high-light stress, and 
has a higher GTPase activity than PsbO1.60-62 The thylakoid Pi 
transporter ANTR1,35 may play a role in exporting back to the 
stroma Pi generated during nucleotide metabolism, including GTP 
hydrolysis.

In addition to the critical role in disassembly during PSII repair, 
TAAC and ANTR1 may play a role in photoprotection during 
high light stress, more specifically in the thermal energy dissipa-
tion, a process known to be initiated by an increase in the transthy-
lakoid H+ gradient, and subsequent acidification of the lumen.45

For related types of transporters, an electrogenic mechanism of 
transport has been demonstrated.63,64 To support an electrogenic 

Figure 3. Schematic model of ATP transport and GTP-mediated signaling during high light stress. The 
active photosystem ii (PSii) is a multisubunit and dimeric complex, containing an intact reaction center 
D1 protein (yellow). As a result of high-light-induced inactivation, the D1 protein is oxidatively dam-
aged (red), and needs to be replaced. The ATP-synthase CF0F1 supplies ATP in the stroma, from where 
it is translocated by the thylakoid ATP/ADP carrier (TAAC) into the lumen in exchange for ADP. The 
lumenal nucleoside diphosphate kinase NDPK3 converts ATP to GTP, which is subsequently bound 
and hydrolyzed by the PSii extrinsic subunit PsbO (blue). This leads to PsbO dissociation, partial disas-
sembly of PSii complex (CP43 subunit shown in green), and D1 proteolysis by Deg and FtsH proteases 
in a highly controlled manner. The resulting phosphate (Pi) is exported back to the stroma by the Na+-
dependent Pi transporter (ANTr1). The various nucleotides and Pi are highlighted as red text.
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based on the activity of NDPK3 and of the PsbO protein as a 
GTPase.43,59,60 TAAC is specific for adenine nucleotide transport,44

and therefore the question of a guanosine diphosphate transporter 
is raised.

Since the proteins responsible for the above-described transport 
activities have not been so far identified using thylakoid membrane 
proteomics, bioinformatics combined with genetic strategies (Fig. 
1) are required for their identification. On the other hand, there 
are several examples of thylakoid transporters found by mass-spec-
trometry-based proteomics, with representants from the three TC 
categories, namely ABC transporters, symporters and channels.14

Again, genetic strategies are required for elucidation of their bio-
chemical function and physiological role in the optimal function 
of the thylakoid.

Concluding Remarks

Although the importance of solute transport for the photosynthetic 
machinery in the thylakoid membrane is obvious, our knowledge 
of the proteins involved and their mode of function and regula-
tion of plant photosynthesis is limited. The gaps in our knowledge 
of thylakoid transporters lead to a challenging scientific question, 
which is at the same time of great importance from agricultural 
and ecological point of view. Detailed understanding of the thy-
lakoid network of transporters will provide genetic solutions for 
bioingeneering of crop plants in the future.
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ion fluxes across the thylakoid membrane, and subsequently bal-
ancing the light-induced H+ gradient across the membrane, these 
ion channels may either directly or indirectly modulate photosyn-
thetic oxygen evolution activity.

Ascorbate is a multifunctional molecule, having roles as antioxi-
dant, redox signaling modulator and enzyme cofactor, e.g., cofactor 
for violaxanthin de-epoxidase, an enzyme involved in the thermal 
dissipation of excess light energy, and its availability in the lumen 
can limit this process.73 Although there is evidence for ascorbate 
transport across pea thylakoid membrane, no such protein involved 
has been identified.74 The experimentally-determined lumenal pro-
teome contains 81 proteins, participating not only in photosynthe-
sis and photoprotection, but also in proteolysis, protein (un)folding 
and antioxidant response.75,76 The thylakoid lumen contains several 
proteases, namely Deg1 involved in proteolysis of the PSII reac-
tion center D1 protein,57 the D1 processing peptidase CtpA, and 
the thylakoid processing peptidase, removing signal peptides from 
chloroplast lumenal proteins.75,77 This implies the existence of so 
far unidentified recycling transport pathways for the peptides and/
or amino acids generated during proteolysis, which will otherwise 
accumulate in the lumen.

Water is a substrate for the PSII-catalyzed oxidation to 
molecular oxygen, which takes place on the lumenal side of the 
thylakoid membrane. It is not clear how water is transported 
into the lumen, i.e., by free diffusion or via a specific protein 
(aquaporin), as reported in the case of other cellular compart-
ments.78,79 Evidence for a carbonic anhydrase activity with a role 
in water oxidation, and recently the identification of Cah3 in 
the thylakoid lumen of the photosynthetic alga Chlamydomonas 
reinhardtii have been reported.80,81 This implies the presence 
of a channel/transporter either for bicarbonate or CO

2
, e.g., 

CO
2
 aquaporin as the one discovered in the envelope79 or as 

the bicarbonate (ABC-type) transporter from the chloroplast 
envelope of Chlamydomonas.82

In addition, there is increasing evidence for nucleotide-depen-
dent reactions in the thylakoid lumen of plant chloroplasts, as 
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