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Abstract: 

The plastid terminal oxidase (PTOX) has been shown to be an important sink for 

photosynthetic electron transport in stress tolerant plants. However, overexpression studies in 

stress sensitive species have previously failed to induce significant activity of this protein. 

Here we show that overexpression of PTOX from the salt tolerant brassica species Eutrema 

salsugineum does not, alone, result in activity, but that over-expressing plants show faster 

induction and a greater final level of PTOX activity once exposed to salt stress. This implies 

that an additional activation step is required before activity is induced. We show that that 

activation involves the translocation of the protein from the unstacked stromal lamellae to the 

thylakoid grana and a protection of the protein from trypsin digestion. This represents an 

important and novel activation step and opens up new possibilities in the search for stress 

tolerant crops. 

 

Significance statement: 

Growing concerns about food security and changing climates make the identification of novel 

stress tolerance traits a priority. Here we show that the activation of the plastid terminal 

oxidase, via its relocation within the thylakoid membrane, can induce a protective sink for 

electron transport. We have thus identified a novel and unexpected mechanism for protein 

activation and opened new avenues for engineering plant stress tolerance. 
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1. Introduction 

Most crops species are, to a greater or lesser extent, stress sensitive and optimizing 

stress tolerance pathways may play a key role in securing food production (1). The greatest 

potential for identifying novel stress tolerance mechanisms comes from studies of 

extremophiles. During the last decade, the halophyte brassica Eutrema salsugineum 

(previously Thellungiella halophila) has emerged as a stress-tolerant model system (2-4). 

This close relative of the widely studied model plant Arabidopsis thaliana is not only highly 

tolerant of salt but also of a variety of other abiotic stresses, including drought and extreme 

temperatures (5-7). A better understanding of this tolerance will open new possibilities for 

developing stress tolerant crops. Importantly, unlike many extremophiles, Eutrema is 

amenable to molecular studies, providing an excellent model system. 

Previously, we provided evidence that a protein termed the Plastid Terminal Oxidase 

(PTOX – a plastoquinone-oxygen oxidoreductase), acts as a significant sink for 

photosynthetic electron transport in salt-stressed Eutrema (8). In Eutrema, we observed a 

strong, salt-induced up-regulation of PTOX protein, which correlated with the induction of a 

substantial oxygen sensitivity of Photosystem II (PSII) electron transport. Electron transport 

became sensitive to the PTOX inhibitor n-propyl gallate, whilst the O2-sensitive portion of 

electron transport was shown to be insensitive to the Cyt b6f inhibitor DNP-INT. In contrast, 

expression of PTOX protein in Arabidopsis was insensitive to salt treatment and we found no 

evidence that it contributed to electron flux under steady-state conditions. Based on our 

results and previous published work, we proposed that PTOX protects Eutrema leaves from 

oxidative stress under salt stress conditions (8-10). 

PTOX was originally identified as a defective protein in variegated mutants 

(IMMUTANS, ghost) and was shown to play critical role in carotenoid biosynthesis in green 

tissues (11-13). Biochemical evidence has pointed to PTOX being localized on the stromal 

face of the unstacked regions of the thylakoid membrane (14). Binding of PTOX to the 

membrane has been suggested to be regulated by light-induced changes in stroma pH, which 

may provide a dynamic mechanism for activation of PTOX in response to stress (15). 

Evidence that PTOX can act as a significant sink for electron transport under stress 

conditions, was first put forward by Streb et al. (9), who measured significant levels of 

PTOX protein and presented indirect evidence for its activity in the high montane species 

Ranunculus glacialis. This was questioned, however, by Rosso and co-workers (16) who 

examined plants of Arabidopsis overexpressing PTOX and failed to find evidence for a role 
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either in acting as a significant electron sink or in protecting plants from high light stress. In 

other studies, PTOX activity has only been seen under non-equilibrium conditions with a 

very low estimated flux (17, 18). 

In wild type Arabidopsis, PTOX is only present at around 1% of the other electron 

transport components and seems unlikely to contribute to overall electron flux (18). In salt-

stressed Eutrema, PTOX-dependent electron transport accounts for up to 30% of the total 

linear electron flow (8). This could substantially reduce ROS production under stress, 

protecting leaves from photooxidative damage, and may play a crucial role in determining 

stress tolerance of Eutrema. If we could transfer this PTOX activity to crop species, it might 

be possible to significantly increase abiotic stress tolerance. However, previous attempts at 

overexpressing PTOX protein have not resulted in a significant increase in electron transport 

capacity (16-18) and have in fact been reported to increase oxidative stress (19). 

Given the contradictions in previous data, we hypothesized that the differences in 

PTOX activity between species is due to differences in the properties of the polypeptide in 

those species. To test this hypothesis, we overexpressed the Eutrema PTOX gene in Eutrema 

and Arabidopsis. We observed, however, that the high activity in this plant is not simply 

related to protein content or differences in sequence from other species. Rather, we present 

data that the localization of the PTOX protein is altered, to allow for its increase activity. 

This discovery opens new research avenues for work on improving stress tolerance.  
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Results 

Over-expression of Eutrema PTOX protein does not result in an increase in electron 

transfer to oxygen  

Previously, we observed that, in unstressed plants of Eutrema and Arabidopsis, 

electron transport through PSII was largely insensitive to the oxygen concentration under 

conditions of saturating CO2 (8). This is consistent with a low rate of electron flow to 

oxygen. In plants of Eutrema, but not Arabidopsis, salt stress resulted in an increase in 

electron transport through PSII. This additional capacity was shown to be sensitive to oxygen 

and to the PTOX inhibitor n-propyl gallate. Salt stress induced an increase in PTOX protein. 

To test whether this additional electron transport was a simple consequence of the presence 

of the PTOX protein, we produced plants which overexpressed the native protein under 

control of the 35S promoter (Fig. S1). Plants were produced with an up to 8-fold increase in 

PTOX protein, as estimated using Western blot analysis (Fig. S1). Examination of the 

relative expression of other thylakoid membrane proteins revealed no significant differences 

in stoichiometry between wild-type plants and their respective transgenic lines (Fig. S1). 

PTOX overexpression alone did not result in any change in PSII capacity (Fig. 1B) or in PSII 

electron transport becoming sensitive to oxygen (Fig. S2). We conclude therefore that 

expression of PTOX protein alone is not sufficient for electron transport to oxygen to occur. 

Additionally, we overexpressed the Eutrema PTOX protein in Arabidopsis. Again, no 

evidence of activity of this protein was seen (Fig. 1B and Fig. S2). 

 

PSII activity is induced by salt more rapidly and to a greater extent in PTOX-OE plants 

of Eutrema.  

WT and PTOX-OE plants of Eutrema and Arabidopsis were then exposed to salt 

stress for up to 14 days. Salt concentrations used were such as had previously been shown to 

increase leaf salt content without causing plant death (150 mM NaCl in Arabidopsis, 250mM 

NaCl in Eutrema; see (8) for details). In all plants, salt treatment resulted in a marked 

increase in leaf Na+
 content, with a reduction in K+, though this was greater in Arabidopsis 

(Fig. S3) , consistent with our previous observations (8). In Arabidopsis plants, exposure to 

salt resulted in a progressive and marked decline in PSII efficiency (PSII) and a 

corresponding increase in non-photochemical quenching (Fig. 1A and C). This response was 

largely unaffected by heterologous expression of the Eutrema PTOX protein. In Eutrema, salt 

treatment resulted in a marked increase in PSII electron transport under light saturating 

conditions, as observed previously (8). In plants overexpressing PTOX (PTOX-OE), there 
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was no difference from WT in PSII activity at the start of the salt treatment. However, the 

induction of additional PSII activity in Eutrema occurred sooner and the final extent of the 

increase was greater in PTOX-OE plants than in WT (Fig. 1B). Furthermore, whilst the 

extent of NPQ was not affected by salt treatment in WT Eutrema, PTOX-OE Eutrema plants 

showed an increase in NPQ under salt-stress conditions (Fig. 1D). Gas exchange (Fig. S4) 

and PSI electron transport parameters (Fig. S5) were largely unaffected by PTOX expression. 

The additional electron transport induced in response to salt was sensitive to oxygen 

concentration and to the PTOX inhibitor n-propyl gallate (Fig. 2A). In salt treated leaves of 

Eutrema incubated with the cytochrome b6f inhibitor 2,5-Dibromo-6- isopropyl-3-methyl-

1,4-benzoquinone (DBMIB), electron transport through PSII was retained to a greater extent 

in PTOX-OE plants than in WT (Fig. 2B). 

 

Salt treatment results in a relocalization of PTOX from Stromal Lamellae to Grana 

Stacks in Eutrema but not Arabidopsis  

PTOX is a quinone-oxygen oxidoreductase. It accepts electrons from the 

plastoquinone pool, which is itself reduced mainly by PSII, although the plastid-localized 

NDH complex may also contribute under some conditions (20). The diffusion of PQ in the 

thylakoid membrane is thought to be largely restricted, due to the high concentration of 

protein present (21, 22). PTOX protein has previously been shown to be associated with the 

thylakoid as a peripheral membrane protein, localized to the stromal lamellae (14). Activity 

of this PTOX may be possible, if electron transport occurred from ferredoxin, via NDH to 

PQ in the stromal lamellae, however, we find no evidence in our plants that PSI electron 

transport is involved in PTOX activity (Fig. S5). Electron transport from PSII and PQ in the 

grana to PTOX in the stromal lamellae seems unlikely to be an efficient process. We 

therefore hypothesized that, to allow a high flux from PSII to PTOX, the PTOX protein 

undergoes a translocation to the grana under salt stress conditions. 

Thylakoid membranes were isolated from control and salt-treated WT and PTOX-OE 

plants of Eutrema and Arabidopsis. Membranes were then treated to separate grana and 

stromal lamellae fractions. Purity of the fractions was controlled by distribution of marker 

proteins and chl a/b ratio measurements (Fig 3B and C). Western blot analysis confirmed 

that, in control conditions, PTOX protein is localized mainly or completely to the stromal 

lamella fraction (Fig. 3A). This was also the case in membranes isolated from salt-treated 

Arabidopsis. In salt-treated Eutrema however, approx. half of the PTOX protein was found in 

the granal fraction, implying that a relocalization of a substantial proportion of the PTOX 
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pool takes place in response to salt treatment. At the same time, the level and distribution of 

other proteins, including FtsH protease and STN8 kinase capable of entering the granal 

margin and the granal core, respectively (23) was not changed significantly, thus 

demonstrating that the presence of PTOX in the granal fraction of Eutrema is PTOX-specific 

rather than resulting from general remodelling of the thylakoid membranes under salt stress. 

This relocalization was not however seen in plants of Arabidopsis expressing the Eutrema 

PTOX protein, implying that this response is not a simple feature of the Eutrema 

polypeptide. 

 

Salt treatment results in protection of PTOX from trypsin digestion 

The formation of thylakoid stacks results in the close appression of membranes on the 

stromal side of the thylakoid membrane (24). This produces an environment with restricted 

space and proteins localized to the grana (PSII, LHCII, cytochrome b6f) do not have 

extensive stromal facing domains (25-27). PTOX has previously been modelled as an 

interfacial membrane protein with a large proportion of the polypeptide protruding into the 

stroma (28). As such, it is not immediately clear how it could be relocalized to the grana, 

whilst bound to the stromal face of the membrane.  

To test whether the granal-localized portion of PTOX is exposed to the stroma, we 

undertook a trypsin digestion procedure (Fig. 4). Exposure of isolated intact thylakoids to 

trypsin resulted in the complete degradation of the stromal facing ATPase subunit AtpB. 

Furthermore, the immunochemical analysis of FtsH protease, a protein adopted by the grana 

margins (23) and thus potentially gaining more resistance to proteolysis, demonstrated high 

sensitivity of this polypeptide to the trypsin treatment in both control and salt-treated plants. 

At the same time, the lumenal PSII subunit PsbO was protected from digestion in intact but 

not in lysed thylakoids. In Arabidopsis thylakoids and in membranes from non-stressed 

plants of Eutrema, PTOX was also largely degraded. In thylakoids from salt-treated plants 

however, there was a substantial proportion of the PTOX pool which was retained after 

trypsin digestion, implying this was protected from the trypsin (Fig. 4A). To test whether this 

portion was protected by being localized in the appressed membrane regions, we examined 

the effect of desalting thylakoids, to eliminate stacking. In these conditions, a substantial 

proportion of PTOX was still protected from digestion (Fig. 4B). 
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Discussion 

The idea that PTOX protein may act as a safety valve for photosynthetic electron 

transport has been discussed for some years and various studies have attempted to 

demonstrate this using overexpression (16-18). Consistent with this previous work, we 

observed that overexpressing the PTOX polypeptide is insufficient to induce a significant 

activity of PTOX as an electron sink. However, this overexpressed PTOX protein can result 

in increased PSII activity under salt stress conditions (Fig. 1). This implies either that 

additional polypeptides are required or that some form of activation of the protein is 

necessary. Our data strongly indicate that the translocation of the PTOX protein from the 

stromal lamellae to the grana is required, bringing PTOX into proximity with the PQ pool 

associated with PSII.  

Previous work on PTOX suggested that this protein is located on the stromal face of 

the thylakoid membrane in the unstacked region of the thylakoid (14). This was based on 

analysis of thylakoids from spinach, a species in which there is no published evidence for a 

substantial flux to PTOX. We have used the same experimental approach, a combination of 

thylakoid fractionation and trypsin digestion, and observe a clear shift in protein distribution 

depending on conditions. Under well-watered control conditions, our results match those of 

Lennon et al. (14). When plants of Eutrema, but not Arabidopsis, were salt treated, there was 

a shift in the PTOX protein from the stromal to the granal thylakoid fraction. This shift will 

bring PTOX into closer proximity with PSII and the PQ pool.  

PQ diffusion in the thylakoid membrane is thought to be highly restricted (29). The 

high density of protein in the membrane means that PQ is probably confined to small 

domains within the membrane, which allow movement from PSII to those cytochrome b6f 

which are co-located, but which restricts diffusion from the granal stacks to the stromal 

lamellae (24). It is likely that PQ is also present in the stromal lamellae, however this is 

unlikely to exchange at a significant rate with PQ in the grana. It is possible to imagine a 

pathway in which electrons flow from PSII via PSI to ferredoxin. The ferredoxin could then 

be oxidized by the stromal membrane localized NDH complex, reducing PQ, which would in 

turn be oxidized by PTOX. This pathway involves a flux through the whole electron 

transport chain. In our previous work we showed not only that PSI flux is insensitive to 

oxygen concentration, but also that the cytochrome b6f inhibitor DNP-INT does not inhibit 

flux from PSII to PTOX. Based on these observations, we suggested that, in Eutrema, 

electron flow occurs from PSII via PQ to PTOX. The relocation of PTOX from stromal 

membranes to grana stacks would clearly facilitate this.  
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The structure of the grana stacks in plant thylakoids requires close interaction 

between lipids and proteins in the adjoining membranes (30). In particular, the presence of 

LHCII is an essential prerequisite with interactions between layers of membrane being 

facilitated by Mg2+ ions. There is a view that proteins with bulky surface domains, in 

particular PSI and the thylakoid ATPase (31), are excluded from the grana core, as their 

presence would disrupt these tight interactions. PTOX is modelled, based on homology with 

the mitochondrial alternative oxidase, as a surface bound protein, with two helices protruding 

into but not crossing the membrane (28). Given the size of the protein domain which 

protrudes into the solution it is not clear whether PTOX would readily diffuse into the tight 

space between grana (24). Entry into the grana stacks may therefore require an activation 

reaction, such as a change in the conformation of the protein or even a transfer to the lumenal 

face of the membrane. 

In addition to resulting in the movement of PTOX from stromal to granal membrane 

fractions, salt treatment of plants also conferred a large degree of protection from trypsin 

digestion. Sensitivity to trypsin digestion is widely used to determine orientation of 

membrane proteins and previously provided a convincing demonstration that PTOX is 

located on the stromal face of the thylakoid (14). If PTOX were to migrate to the grana by 

entering into the appressed space between membranes, this may confer protection against 

trypsin digestion. However, we were able to show that much of the protection is retained 

when membranes were desalted, to remove stacking, suggesting an alternative or additional 

protection. Protection from trypsin may arise due to conformational changes (e.g. 

dimerization or association with other proteins), post-translational modifications etc. Finally, 

we cannot exclude the possibility that at least a portion of PTOX moves from the stromal to 

the lumen face of the membrane under salt stress conditions.  

If PTOX were moving across the membrane, the question then arises what is the 

mechanism of this movement? There are two well characterized pathways which are 

involved in import of proteins into the thylakoid lumen – the SEC and TAT pathways (32). 

The PTOX protein does not possess the known structural motifs required for either of these. 

However, in the case of the TAT pathway at least, there is a possibility that PTOX may be 

acting as a “hitchhiker” protein, with another carrier polypeptide responsible for the 

translocation. This has been seen for example in bacterial systems (33). The TAT pathway is 

notable for its ability to transfer ready folded proteins, including examples with redox 

cofactors. Further experimentation would be required to test this hypothesis however. 
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Given that expression of the PTOX polypeptide alone is known to not be sufficient 

for substantial activity as a PSII electron acceptor, we previously suggested that it required 

the presence of an additional protein (34). On the other hand, in vitro studies have suggested 

that PTOX alone does possess the necessary catalytic activity. Activation of PTOX may 

depend on pH, as high binding seems to facilitate binding of PTOX to the thylakoid 

membrane (15).  However, if pH alone was sufficient for high activities of PTOX, this 

should be seen in all plants, including in previously studied overexpressors.  The data 

presented here are the first clear demonstration of a substantial activity of overexpressed 

PTOX protein, as a PSII electron sink.  Our data suggest the need for expression of a second 

protein, required to facilitate the relocalization of PTOX from stromal lamellae to the grana 

in Eutrema, but which is absent in Arabidopsis. The fact that induction of PTOX activity is 

faster in PTOX-OE plants of Eutrema than in WT, upon salt treatment, is consistent with the 

induction of a mechanism for protein relocalization which occurs more rapidly than the de 

novo synthesis of PTOX. Identification of a putative protein required to mediate translocation 

would open new possibilities to breed stress tolerance into sensitive crop plants.  

Alternatively, changes in membrane lipid composition and/or thylakoid structure might bring 

about changed localization.  Such changes may require altered expression or activity of 

multiple proteins. 

In conclusion, we show here that, whilst expression of the PTOX protein alone is not 

sufficient to induce a substantial electron flow from PSII to oxygen, over expressed protein 

can, under stress conditions, become active. We have provided evidence that that activation 

required the translocation of the protein to the grana stacks. Previously, the overexpression of 

PTOX has been dismissed as a means of conferring stress tolerance in crop plants – indeed 

plants overexpressing PTOX have been shown to suffer enhanced oxidative stress. 

Nevertheless, the activity of PTOX reported in stress tolerant species strongly supports a 

potential protective role. In particular, the activity we observe in Eutrema operates only 

under conditions of light saturation, such that it does not compete with normal 

photosynthesis but is only active in stress conditions. Our data make it clear that 

overexpression of PTOX activity, rather than just the protein, remains a promising approach 

with the potential to confer increased stress tolerance on crop species. 
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Materials and Methods 

 

Plant Material 

Seeds of Arabidopsis thaliana (ecotype Col-0) and Eutrema salsugineum (Shandong WT), 

along with lines overexpressing plastid terminal oxidase from Eutrema (EsPTOX), were 

stratified at 4°C for 5 d and then germinated in a controlled-environment cabinet (E.J. Stiell) 

in an 8-h photoperiod (photosynthetic photon flux of 120 μmol m-2 s-1 provided from 

coolwhite fluorescent bulb), at 23°C/15°C (day/night). Week-old seedlings were transferred 

to 7.5-cm pots filled with Viking MM peat-based compost. 4-week-old Arabidopsis and 6-

week old Eutrema plants, similar in leaf number, were irrigated with 0 (control),100 or 150 

mM (depending on experiment, in Arabidopsis) or 250 mM (Eutrema) NaCl for up to 14 d. 

In the case of Arabidopsis, 150 mM represented the highest concentration at which plants 

were able to survive for any length of time and was used for all physiological experiments.  

For biochemical analyses (including infiltration of leaves) the lower concentration was used 

to optimize yields. Vernalization of E.salsugineum seedlings to induce flowering prior to 

transformation was conducted by transferring six-week-old plants to 4°C cold room for 4 

weeks. 

 

Plant transformation and overexpression of PTOX  

Transgenic plants with altered expression of PTOX were generated as described in the 

Supplementary Methods. 

 

Determination of Na+ and K+ Content 

Leaf samples of control and salt-treated plants were harvested, dried at 60°C for 48 h, and 

mineralized with 5 mL of HNO3 in Mars 6 Microwave Digestion System (CEM, Matthews, 

NC, USA). The resulting solutions were used for determination of Na+ and K+ with an Agilent 

240Z AA atomic absorption spectrophotometer (Agilent Technologies, Santa Clara, CA, 

USA). 

 

Photosynthetic parameters 

Photosynthetic parameters were measured as described previously (8). Gas exchange was 

monitored using a CIRAS1 infra-red gas analyzer equipped with a 2,5-cm2 PLC-B Parkinson 

Leaf Chamber (PP Systems, Amesbury, MA, USA). Chlorophyll a fluorescence emission was 

measured using a PAM-101 fluorometer (Heinz Walz GmbH, Effeltrich, Germany). PSII and 
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NPQ parameters were calculated as described by Maxwell and Johnson (35). The redox state 

of the PSI primary donor, P700, was measured using a PAM-101 fluorometer with an ED-

P700DW-E emitter-detector unit (Walz). Maximum P700 signal was estimated by 

illuminating a leaf with a far-red light provided by a Led Engin LZ4 LED (λmax = 740 nm; 

LED Engin, San Jose, CA) with a saturating white flash being superimposed on the far-red 

light at steady state. The decay of P700 signal following a light–dark transition was fitted with 

a single exponential equation to yield a pseudo first order rate constant (k) for P700 reduction. 

PSI ETR was calculated by multiplying the proportion of oxidized P700 by the rate constant 

(proportion of oxidized P700 × k) to give a rate of electron transport in electrons per PSI per 

second (36). The high (21%) and the low (2%) O2 atmosphere were supplied by mixing 

compressed oxygen and nitrogen using an MKS controller (MKS Instruments Inc.). 

 

Thylakoid membranes preparation 

Highly purified intact chloroplasts were first isolated, as described previously (37). The 

plant material was placed in a slush of isolation buffer (CIB, frozen and semi-thawed) 

containing 50 mM HEPES-KOH (pH 7.8), 0.4 M sorbitol, 5 mM EDTA, 5 mM EGTA, 5 mM 

MgCl2, 5 mM Na-ascorbate, 0.5% BSA and 1 mM PMSF, and ground in Polytron blender 

(Kinematica, Breisgau-Hochschwarzwald, Germany). The homogenate was filtered through 

20-μm nylon mesh and absorbent cotton-wool and chloroplasts pelleted at 1500g. The pellet 

was resuspended in 3 ml of CIB and loaded onto Percoll (Amersham; GE Healthcare Life 

Sciences, Little Chalfont, UK) step gradient (10, 40 and 85% top to bottom, respectively). The 

gradients were centrifuged at 3500g in a swinging-out rotor for 20 min. The broken 

chloroplasts (the upper band) were removed; the intact chloroplasts (accumulated at the 

40/85% interface) were collected, washed two times with 30 ml of the wash buffer (WB; 50 

mM HEPES-KOH, pH 7.8, 330 mM sorbitol, 5 mM MgCl2) and collected by centrifugation.  

Thylakoid membranes were prepared by incubation of the intact chloroplast in lysis 

buffer (LB) containing 20 mM HEPES-KOH (pH 7.5), 2 mM EDTA, 5 mM MgCl2 and 10 

mM NaF for 10 min on ice. The slurry was then centrifuged at 10,000g for 10 min, followed 

by a recentrifugation step at 45,000g for 30 min at 4°C. The pellet and supernatant collected 

after the centrifugation at 10,000g and 45,000g were used as thylakoid (T) and stroma (S) 

fractions, respectively. The thylakoid pellet was resuspended in resuspension buffer (RSB; 20 

mM HEPES-KOH, pH 7.8, 150 mM sorbitol, 10 mM KCl, and 5 mM MgCl2).  

The thylakoid membranes were subfractionated into grana and stromal lamellae using 

the method of (38). Freshly isolated thylakoids (0.8 mg chlorophyll ml-1) in RSB were 
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solubilized with 1% digitonin for 15 min on ice with gentle agitation to prevent sedimentation 

of the thylakoid solution. The solublization process was terminated with the addition of ten 

volumes of ice-cold RSB and the solution was centrifuged at 1000g for 5 min at 4°C to 

remove undigested material. Pellets collected after centrifugation at 40,000g for 30 min and 

subsequent ultracentrifugation at 150,000g for 60 min represented grana (G) and stroma 

lamellae (L) fractions, respectively. 

 

Protease protection assay 

Intact thylakoid membranes resuspended in the wash buffer (WB) to a chlorophyll 

concentration of 1 mg ml-1 were incubated with trypsin (100 μg ml-1) in the presence of 0.5 

mM CaCl2 at 4°C for 60 min. The reaction was terminated by the addition of PMSF to a final 

concentration of 1 mM. Thylakoid membranes were diluted in four volumes of WB and 

recovered by centrifugation. Broken thylakoid membranes were prepared by subjecting the 

intact thylakoids to freeze–thaw cycle and trypsin digestion performed. Membrane unstacking 

involved incubation of the intact thylakoid preparation in Mg2+-free WB containing 50 mM 

EDTA for 15 min, followed by two times wash with Mg2+-free/EDTA-free WB solution, and 

the tryptic digestion in Mg2+-free reaction mixture. 

 

SDS-PAGE and immunoblot analysis 

Protein samples for SDS-PAGE were incubated in 50 mM Tris-HCl (pH 6.8), containing 2% 

(w/v) SDS, 6 M urea, 50 mM DTT, 1 mM PMSF, 5 mM EDTA, 10% (w/v) glycerol and 

0.05% (w/v) bromophenol blue at 95oC for 3 min and separated on 4-20% Mini-PROTEAN 

TGX Stain-Free SDS-PAGE (Bio-Rad, Hercules, CA, USA) in Mini-PROTEAN Tetra Cell 

(Bio-Rad). For immunoblot analyses, proteins were transferred to polyvinylidene fluoride 

(PVDF) membrane by semi-dry electroblotting in Trans-Blot Turbo Transfer System 

(BioRad). Membranes were blocked with 5% (w/v) BSA in TBS-T (20 mM Tris-HCl, pH 7.6, 

125 mM NaCl and 0.15% [v/v] Tween-20) and then incubated overnight at 4oC with primary 

antibodies against: plastid terminal oxidase (PTOX; Uniplastomic, Gieres, France), Rubisco 

large subunit (RbcL), PSII CP43 protein (PsbC), OEC 33 kDa subunit (PsbO), cyt f (PetA), 

PSI (PsaB and PsaD), ATP synthase β subunit (AtpB), FtsH2/8 protease and STN8 kinase 

(Agrisera AB, Vännäs, Sweden). Detection was performed with HRP-conjugated secondary 

antibodies (1:25000 polyclonal goat anti-rabbit IgG; Sigma) and ECL detection reagent 

(Amersham) according to the manufacturer's instructions. Both, Stain-Free (after protein 



14 
 

transfer) and ECL blots were imaged and analyzes using the ChemiDoc MP (Bio-Rad). The 

protein signals were normalized to the intensity values of the Stain-Free total lane volumes. 

 

Acknowledgements: This work was supported in part by an EMBO short-term fellowship to 

PS and by BBSRC grant Ref BB/C508877/1 (to GNJ) and a Marie-Curie Fellowship of the 

European Commission (grant no. MEIF–CT–2006–040053 to P.S.). 



15 
 

References 

1. Kromdijk J, et al. (2016) Improving photosynthesis and crop productivity by 
accelerating recovery from photoprotection. Science 354(6314):857-861. 

2. Taji T, et al. (2004) Comparative genomics in salt tolerance between Arabidopsis and 
Arabidopsis-related halophyte salt cress using Arabidopsis microarray. Plant Physiol. 
135(3):1697-1709. 

3. Gong QQ, Li PH, Ma SS, Rupassara SI, & Bohnert HJ (2005) Salinity stress 
adaptation competence in the extremophile Thellungiella halophila in comparison with 
its relative Arabidopsis thaliana. Plant J. 44(5):826-839. 

4. Kant S, Bi YM, Weretilnyk E, Barak S, & Rothstein SJ (2008) The Arabidopsis 
halophytic relative Thellungiella halophila tolerates nitrogen-limiting conditions by 
maintaining growth, nitrogen uptake, and assimilation. Plant Physiol. 147(3):1168-
1180. 

5. Wong CE, et al. (2005) Expressed sequence tags from the Yukon ecotype of 
Thellungiella reveal that gene expression in response to cold, drought and salinity 
shows little overlap. Plant Mol. Biol. 58(4):561-574. 

6. Griffith M, et al. (2007) Thellungiella: an Arabidopsis-related model plant adapted to 
cold temperatures. Plant Cell Environ. 30(5):529-538. 

7. Ishikawa T, Taji T, Sakata Y, & Tanaka S (2007) Heat tolerant mechanism of a mode 
halophyte, Thellungiella halophila. 48th Annual Meeting of the Japanese-Society-of-
Plant-Physiologists, pp S139-S139. 

8. Stepien P & Johnson GN (2009) Contrasting responses of photosynthesis to salt stress 
in the glycophyte Arabidopsis thaliana and the halophyte Thellungiella halophila. Role 
of the plastid terminal oxidase as an alternative electron sink Plant Physiol. 149:1154-
1165. 

9. Streb P, et al. (2005) Evidence for alternative electron sinks to photosynthetic carbon 
assimilation in the high mountain plant species Ranunculus glacialis. Plant Cell 
Environ. 28(9):1123-1135. 

10. Josse EM, Alcaraz JP, Laboure AM, & Kuntz M (2003) In vitro characterization of a 
plastid terminal oxidase (PTOX). Eur. J. Biochem. 270(18):3787-3794. 

11. Carol P, et al. (1999) Mutations in the Arabidopsis gene immutans cause a variegated 
phenotype by inactivating a chloroplast terminal oxidase associated with phytoene 
desaturation. Plant Cell 11(1):57-68. 

12. Josse EM, et al. (2000) A plastid terminal oxidase associated with carotenoid 
desaturation during chromoplast differentiation. Plant Physiol. 123(4):1427-1436. 

13. Barr J, White WS, Chen L, Bae H, & Rodermel S (2004) The GHOST terminal 
oxidase regulates developmental programming in tomato fruit. Plant Cell Environ. 
27(7):840-852. 

14. Lennon AM, Prommeenate P, & Nixon PJ (2003) Location, expression and orientation 
of the putative chlororespiratory enzymes, Ndh and IMMUTANS, in higher-plant 
plastids. Planta 218(2):254-260. 

15. Feilke K, et al. (2016) Effect of Chlamydomonas plastid terminal oxidase 1 expressed 
in tobacco on photosynthetic electron transfer. Plant J. 85(2):219-228. 

16. Rosso D, et al. (2006) IMMUTANS does not act as a stress-induced safety valve in 
the protection of the photosynthetic apparatus of arabidopsis during steady-state 
photosynthesis. Plant Physiol. 142(2):574-585. 

17. Cournac L, et al. (2002) In vivo interactions between photosynthesis, mitorespiration, 
and chlororespiration in Chlamydomonas reinhardtii. Plant Physiol. 129(4):1921-
1928. 



16 
 

18. Joët T, et al. (2002) Involvement of a plastid terminal oxidase in plastoquinone 
oxidation as evidenced by expression of the Arabidopsis thaliana enzyme in tobacco. 
J. Biol. Chem. 277(35):31623-31630. 

19. Heyno E, et al. (2009) Plastid Alternative Oxidase (PTOX) Promotes Oxidative Stress 
When Overexpressed in Tobacco. J. Biol. Chem. 284(45):31174-31180. 

20. Burrows PA, Sazanov LA, Svab Z, Maliga P, & Nixon PJ (1998) Identification of a 
functional respiratory complex in chloroplasts through analysis of tobacco mutants 
containing disrupted plastid ndh genes. EMBO J. 17(4):868-876. 

21. Kirchhoff H, Tremmel I, Haase W, & Kubitscheck U (2004) Supramolecular 
photosystem II organization in grana thylakoid membranes: Evidence for a structured 
affangement. Biochemistry 43(28):9204-9213. 

22. Tremmel IG, Kirchhoff H, Weis E, & Farquhar GD (2003) Dependence of 
plastoquinol diffusion on the shape, size, and density of integral thylakoid proteins. 
Biochim. Biophys. Acta 1607(2-3):97-109. 

23. Puthiyaveetil S, et al. (2014) Compartmentalization of the protein repair machinery in 
photosynthetic membranes. Proceedings of the National Academy of Sciences 
111(44):15839-15844. 

24. Kirchhoff H, et al. (2011) Dynamic control of protein diffusion within the granal 
thylakoid lumen. Proc. Natl. Acad. Sci. U. S. A. 

25. Wei X, et al. (2016) Structure of spinach photosystem II–LHCII supercomplex at 
3.2 Å resolution. Nature 534(7605):69-74. 

26. Stroebel D, Choquet Y, Popot JL, & Picot D (2003) An atypical haem in the 
cytochrome b(6)f complex. Nature 426(6965):413-418. 

27. Kurisu G, Zhang HM, Smith JL, & Cramer WA (2003) Structure of the cytochrome 
b(6)f complex of oxygenic photosynthesis: Tuning the cavity. Science 
302(5647):1009-1014. 

28. Nawrocki WJ, Tourasse NJ, Taly A, Rappaport F, & Wollman F-A (2015) The Plastid 
Terminal Oxidase: Its Elusive Function Points to Multiple Contributions to Plastid 
Physiology. Annual Review of Plant Biology 66(1):49-74. 

29. Kirchhoff H, Horstmann S, & Weis E (2000) Control of the photosynthetic electron 
transport by PQ diffusion microdomains in thylakoids of higher plants. Biochim. 
Biophys. Acta 1459:148-168. 

30. Chow WS, Kim EH, Horton P, & Anderson JM (2005) Granal stacking of thylakoid 
membranes in higher plant chloroplasts: the physicochemical forces at work and the 
functional consequences that ensue. Photochemical & Photobiological Sciences 
4(12):1081-1090. 

31. Nelson N & Ben-Shem A (2004) The complex architecture of oxygenic 
photosynthesis. Nat Rev Mol Cell Biol 5(12):971-982. 

32. Albiniak AM, Baglieri J, & Robinson C (2012) Targeting of lumenal proteins across 
the thylakoid membrane. J Exp Bot 63(4):1689-1698. 

33. Robinson C, et al. (2011) Transport and proofreading of proteins by the twin-arginine 
translocation (Tat) system in bacteria. Biochimica et Biophysica Acta (BBA) - 
Biomembranes 1808(3):876-884. 

34. Johnson GN & Stepien P (2016) Plastid Terminal Oxidase as a Route to Improving 
Plant Stress Tolerance: Known Knowns and Known Unknowns. Plant Cell Physiol. 
57(7):1387-1396. 

35. Maxwell K & Johnson GN (2000) Chlorophyll fluorescence - a practical guide. J. Exp. 
Bot. 51(345):659-668. 

36. Clarke JE & Johnson GN (2001) In vivo temperature dependence of cyclic and 
pseudocyclic electron transport in barley. Planta 212(5-6):808-816. 



17 
 

37. Ogbaga CC, Stepien P, & Johnson GN (2014) Sorghum (Sorghum bicolor) varieties 
adopt strongly contrasting strategies in response to drought. Physiologia Plantarum 
152(2):389-401. 

38. Leto KJ, Bell E, & McIntosh L (1985) Nuclear mutation leads to an accelerated 
turnover of chloroplast-encoded 48 kd and 34.5 kd polypeptides in thylakoids lacking 
photosystem II. The EMBO Journal 4(7):1645-1653. 

39. Onate-Sanchez L & Vicente-Carbajosa J (2008) DNA-free RNA isolation protocols 
for Arabidopsis thaliana, including seeds and siliques. BMC research notes 1:93. 

 



18 
 

 

 

Figure 1: Chlorophyll fluorescence parameters in the leaves of Arabidopsis thaliana (A,C) 

and Eutrema salsugineum (B.D) exposed to: 0 (squares) and either 150 (Arabidopsis) or 250 

(Eutrema) mM NaCl (circles) for periods of up to 14 days. Salt treatments were started on 

Day 0.  Wild types are denoted by solid lines and At-OE8 and Es-OE6 are denoted by dotted 

lines. Measurements were performed in the presence of 385 μL L-1 CO2, actinic light (PFD 

850 μmol m-2 s-1). The photochemical efficiency of PSII (A and B), and NPQ (C and D) were 

calculated. Data points represent the means ±SE of at least six biological replicates. 
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Figure 2: The effect of n-propyl gallate (A) and DBMIB (B) on PSII photochemical 

efficiency measured in the leaves of Arabidopsis thaliana and Eutrema salsugineum subjected 

to: 0 and 100, and 0 and 250 mM NaCl respectively. Measurements were carried out 10 d 

after initiating salt treatment at 25°C in the presence of 385 µl l-1
 CO2. Leaves were vacuum 

infiltrated with water in the presence of 21% (white bars) and 2% (light grey bars) oxygen, or, 

with 1 mM n-propyl gallate or 30 µM DBMIB in the presence of 21% (dark grey bars) and 

2% (black bars) oxygen. Data points represent the means ±SE of at least six replicates. 
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Figure 3: The effect of salt treatment on PTOX localization in thylakoid membrane of 

Arabidopsis and Eutrema plants subjected to: 0 and 100, and, 0 and 250 mM NaCl, 

respectively. Chloroplasts isolated 10 d after initiating salt treatment were fractionated into 

thylakoid membranes – T, granal thylakoid – G, stromal lamellae – L and stroma – S. Protein 

samples (10 µg) were separated by SDS/PAGE, followed by transfer to PVDF membrane and 

immunoblotted with antibodies specific for PTOX (A). Purity of the fractions was controlled 

in Arabidopsis and Eutrema by separation and immunoblotting of the samples (5 µg) with 

antibodies specific for representative polypeptides (B). Coomassie brillant blue-stained 

SDS/PAGE gels of the thylakoid membrane fractions with chlorophyll a/b ratios given below 

each fraction (C). Linearity of the anti-PTOX immunodetection was ensured with respect to 

the amount of protein per lane. Immunoblot of thylakoid membranes isolated from the control 

plants of wild-type Eutrema presented (D). 
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Figure 4: The protease protection assay in thylakoid membranes isolated from Arabidopsis 

and Eutrema plants subjected to: 0 and 100, and, 0 and 250 mM NaCl, respectively. Intact and 

lysed thylakoid membranes were incubated with 100 μg ml-1
 trypsin for 30 min. The samples 

after SDS/PAGE separation and transfer to PVDF membrane were probed with antibody 

specific for PTOX. As a reference, the protection of the proteins localised at the lumenal 

(PsbO) and stromal side (AtpB and FtsH) of the membrane, is shown (A). The effect of the 

thylakoid unstacking on PTOX protection against proteolytic digestion in the salt-treated 

Eutrema lines was controlled by incubation of the membranes with trypsin following Mg+2
 

depletion (B).  
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Supplementary methods 

Plant transformation and overexpression of PTOX  

Leaf samples (1g) of 4-week-old Eutrema salsugineum seedlings were flash-frozen in liquid 

nitrogen and stored at –80°C until extraction of RNA. Total RNA was extracted using the 

phenol–chloroform method (39). Samples were treated with RNase-free DNase I (Invitrogen, 

Paisley, UK) to remove any DNA contamination. One microgram of RNA was used for 

cDNA synthesis reaction using the BioScript™ MMLV reverse transcriptase (Bioline, 

London, UK). The cDNA product was used for amplification of the complete sequence of 

Eutrema salsugineum PTOX with the following primers: EsPTOX-F (5’-

AAGGATCCGTGATCGAATCTTGGGTTCC-3’) and EsPTOX-R (5’-

AACTCGAGTTTGATTCTCTCCCCCACAC-3’), containing BamHI and XhoI restriction 

site (underlined), respectively. The PCR product was purified from the agarose gel, T/A 

cloned into pGEM-T Easy vector (Promega, Southampton, UK) and transformed into 

Escherichia coli DH5α strain. Positive clones were identified by blue–white screening. After 

sequence verification the BamHI–XhoI fragment containing EsPTOX was subcloned into 

pENTR1A entry vector (Invitrogen) and subsequently re-combined into pK2GW7.0 

destination vector via LR clonase reaction using the Gateway technology (Invitrogen). 

Expression of EsPTOX was driven under control of the cauliflower mosaic virus (CaMV) 35S 

constitutive promoter. The resultant pK2GW7.0-EsPTOX expression vector (Fig. S1) was 

introduced by the liquid nitrogen freeze-thaw method into Agrobacterium tumefaciens strain 

GV3101 grown in medium supplemented with antibiotics to select for both the Ti and the T-

DNA plasmids. The positive, PCR-verified Agrobacterium clones were used for in planta 

transformation of Eutrema and Arabidopsis by floral dip method (2). Seeds were harvested, 

surface-sterilized and spread on plates with Murashige-Skoog medium. Transgenic lines were 

selected with kanamycin (75 μg ml-1), assayed for T-DNA insertion and the homozygous 

plants were used for molecular and physiological analysis. Determination of the PTOX gene 

expression was performed by quantitative PCR (qPCR). Leaves were ground in liquid 

nitrogen and total RNAs were extracted from the wild-type and transgenic plants as described 

above. qPCR was carried out in a one-step reaction using a SsoAdvanced universal SYBR 

Green Supermix (Bio-Rad, Hercules, CA, USA) in a CFX96 Touch Real-Time PCR 

Detection System (Bio-Rad). For a list of primers, see Table S1. Data analysis was performed 

using CFX Maestro™ Analysis Software (Bio-Rad). Three RNA samples were assayed in 

triplicate. Expression levels were measured relative to three housekeeping genes: ACT2, UBC, 

and GAPDH. 
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Supplementary Table 
 
Table S1. List of primers used in this study.  All primers used in this study were purchased 
from Eurofins MWG Synthesis GmbH (Ebersberg, Germany). Sequences are given 5′→3′. 
Restriction site sequences inserted for cloning are underlined. 
 

Primer name Sequence Experiment 

EsPTOX-F AAGGATCCGTGATCGAATCTTGGGTTCC Gene amplification 

EsPTOX-R AACTCGAGTTTGATTCTCTCCCCCACAC Gene amplification 

q-PTOX-234F GCCGCCGTTTCGTACAGTA qPCR 

q-PTOX-302R GAGCAGGCGAGGAGAAGAGA qPCR 

q-PTOX-175F CGACGGTGGCGATTTCAG qPCR 

q-PTOX-246R ACGAAACGGCGGCTCTAGA qPCR 

P35S-F AAGGGATGACGCACAATCC Insert control 

ins-PTOX-R1 TCGCTTGAACTCGATGAATG Insert control 

ins-PTOX-R2 AGGCGAGGAGAAGAGAGAGG Insert control 
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Figure S1: Plant transformation and overexpression of PTOX. (A) map of the expression 

construct containing full-length Eutrema salsugineum plastid terminal oxidase (EsPTOX) for 

Agrobacterium-mediated transformation of Eutrema and Arabidopsis. Expression of the gene 

was driven under control of the cauliflower mosaic virus (CaMV) 35S constitutive promoter. 

Kanamycyne resistance gene (Kan) was included for in planta selection of transgenic lines. 

(B) PCR analysis of genomic DNA isolated from putative transformants to detect EsPTOX 

insertion. Image shows representative PCR products resolved by 2% agarose gel 

electrophoresis: M – molecular marker; P – positive control (vector); N1 and N2 – negative 

controls (non-transgenic plants) of A. thaliana and E. salsugineum, respectively; 1-10 – 

independent transgenic lines of Arabidopsis and Eutrema. (C) Constitutive level of EsPTOX 

expression in two transgenic lines of Arabidopsis and Eutrema quantified by qPCR. (D) 

Relative abundance of PTOX protein in wild-type and transgenic lines of Arabidopsis 

thaliana and Eutrema salsugineum grown under control (non-saline) conditions. Protein 

samples (10 µg) were separated by SDS/PAGE, followed by transfer to PVDF membrane and 

immunoblotted with antibodies specific for PTOX. As a control, immunoblot of the samples 

with antibodies specific for representative polypeptides. 
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Figure S2: Light-response curve of PSII ETR measured in Arabidopsis and Eutrema 

subjected to 150 and 250 mM NaCl (circles), respectively. Control plants (squares) were 

maintained in a NaCl-free soil. Measurements were performed at Day 10 of salt treatment in 

saturating CO2 (2000 μL L−1), at 25°C and under 21% (closed symbols) or 2% (open symbols) 

oxygen. Data points represent the means ±SE of at least six replicates. 
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Figure S3: Time course of sodium (A) and potassium (B) content in leaves of Arabidopsis 

thaliana and Eutrema salsugineum exposed to salinity. Four-week-old Arabidopsis and six-

week-old Eutrema were subjected to: 0 and 150, and, 0 and 250 mM NaCl, respectively. 

Leaves from control and salt-treated plants were collected on days 4, 8 and 12 after initiating 

salt treatment and assayed for Na+ and K+. The numbers on x-axis denote: 1 – Arabidopsis 

wild-type, 2 – At-OE4, 3 – At-OE8, 4 – Eutrema wild-type, 5 – Es-OE4 and 6 – Es-OE6. Data 

points represent the means ±SE of at least six replicates. 
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Figure S4: Gas-exchange parameters in the leaves of Arabidopsis thaliana (closed symbols) 

and Eutrema salsugineum (open symbols) exposed to: 0 (squares) and either 150 

(Arabidopsis) or 250 (Eutrema) mM NaCl (circles) for periods of up to 14 days. Wild types 

are denoted by solid lines and At-OE8 and Es-OE6 are denoted by dotted lines. Gas exchange 

measurements were performed on intact leaves at PPFD of 850 μmol m2 s-1 after 30 min to 

achieve steady-state. Leaf temperature (25°C ± 1°C) and CO2 concentration (385 μL L-1) 

within the chamber were controlled by the gas analyzer. Stomatal conductance, gs (A) and 

CO2 assimilation rate, A (B) were measured. (C) CO2 assimilation rate as a function of 

increasing internal CO2 concentration (A/Ci curve) determined 10 d after initiating salt 

treatment. Symbols are same as above. Data points represent the means ±SE of at least six 

replicates. 
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Figure S5: PSI parameters in the leaves of Arabidopsis thaliana (closed symbols) and 

Eutrema salsugineum (open symbols) exposed to: 0 (squares) and either 150 (Arabidopsis) or 

250 (Eutrema) mM NaCl (circles) for periods of up to 14 days.. The redox state of the PSI 

primary donor (A), the conductance of electron transport chain, gETC (B), the proportion of 

active PSI centers, P700Act (C), and the PSI ETR (D) were estimated as described in 

“Materials and Methods.” Measurements were carried out on the same leaves used in Figure 1 

and Figure S4. Data points represent the means ± SE of at least six replicates. 
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Figure S6: A trypsin titration experiment was performed to rule out the possibility that the 

protection of PTOX from trypsin was a function of protease concentration rather than 

localization of the protein in thylakoid. Intact thylakoid membranes were incubated with  

0–400 μg ml-1
 trypsin for 30 min. The samples after SDS/PAGE separation and transfer to 

PVDF membrane were probed with antibody specific for PTOX, PsbO, AtpB and FtsH2/8. 

Immunoblot of thylakoid membranes isolated from the control plants of Es-OE6 line is 

presented (C). 

 

 


