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ABSTRACT 

MECHANISTIC CONNECTIONS BETWEEN THE PROTON MOTIVE FORCE AND ATP 
HOMEOSTASIS IN HIGHER PLANT PHOTOSYNTHESIS UNDER DYNAMIC ENVIRONMENTAL 

CONDITIONS   

By 

Leticia Ruby Carrillo 

Through photosynthesis, plants can capture light energy from the sun for the 

conversion to a more stable high-energy form, ATP and NADPH. These products are then 

used to fuel an array of metabolic processes including the biosynthesis of sugars and 

complex carbohydrates. Yet, the abundant source of solar energy used in the process is 

highly varied and fluctuates throughout the day, directly impacting the photosynthetic 

apparatus and carbon assimilation. This dissertation focuses on several mechanisms by 

which plants are able to respond to the dynamic environmental pressures through 

modulation of the proton motive force (pmf) and ATP homeostasis. 

ATP is the primary energy currency in cells and is synthesized in plastids by the 

chloroplast ATP synthase. However, unlike other stromal thiol-regulated enzymes that 

incrementally become redox-activated in response to light, chloroplast ATP synthase acts 

more like an on-off switch, only requiring minimal irradiance to become fully active. 

Previous work suggested that the rapid sensitivity to light could be explained by the 

relative redox potentials of the regulatory thiols on the γ-subunit of ATP synthase. This 

work uncovered a new, unexpected component, NADPH thioredoxin reductase C (NTRC) 

that controls thiol regulation specifically under low light intensities. Mutants lacking NTRC 

show strong photosynthetic phenotypes, e.g., increased nonphotochemical quenching and 

inhibition of linear electron flow, at low irradiances, consistent with an inability to activate 



ATP synthase resulting in a buildup of the thylakoid pmf. We predict both NTRC and the 

canonical ferredoxin-thioredoxin reductase system co-regulate the thiol state of ATP 

synthase at specific light intensities using different reducing potentials (NADPH versus 

ferredoxin) that allow for added flexibility. 

Photosynthesis copes with, and adapts to, fluctuating environments using a wide 

range of mechanisms. While most of the research has been devoted to the processes 

occurring inside the plastid, work described here on the nucleotide triphosphate 

transporter (NTT) illuminates an additional mechanism of augmenting and balancing ATP. 

Previous work suggested that the chloroplast transporter, NTT, acted primarily as an 

importer of ATP during the night cycle, presumably under non-photosynthesizing 

conditions. However, isolated intact chloroplasts from both spinach and Arabidopsis 

thaliana export ATP at rapid rates that can constitute a large fraction of that generated by 

the light reactions. Furthermore, these findings suggest that earlier results of minimal rates 

of ATP transport were based on suboptimal assay conditions and incorrect 

characterization of T-DNA knockout lines, rendering NTT essential for seed germination. 

Work on double NTT knock-down lines (NTTdKD) have decreased gene expression levels 

of ntt1 and ntt2 and show strong photosynthetic responses, particularly in the pH and 

energy-dependent quenching response (qE) with related accumulation of the pmf under 

fluctuating light and/or decreased CO2 levels. These results indicate a greater role for NTT 

in balancing ATP levels between the stromal and cytosolic pools than previously thought.  
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CHAPTER 1 

Literature Review: The dynamics of photosynthesis through modulation of the 
thylakoid proton motive force 
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Introduction to the dynamics of photosynthesis 

Dynamics, as defined by the Oxford English Dictionary, are “the forces or properties 

that stimulate growth, development, or change within a system or process” and in this case 

the process is photosynthesis. In nature, environmental fluctuations are constantly 

occurring, particularly in the amount of light plants receive. Studies have confirmed that 

rapid changes in irradiance occur over 100-fold within seconds, are influenced by temporal 

and spatial factors, and impose great demands on the responsiveness of photosynthesis 

(Pearcy, 1990; Way and Pearcy, 2012). In spite of this, many of those mechanisms have yet 

to be explored.  

Oxygenic phototrophs, including higher plants, perform photosynthesis by 

capturing solar energy and use it to drive the two tightly coupled, energy-converting 

circuits. The electron transfer circuit of photosynthesis uses light energy to transfer 

electrons from H2O through a series of high energy intermediates and associated redox 

centers. Ultimately, the electron circuit reduces ferredoxin (Fd), which functions as the 

electron donor for NADP+, the major reductant in the linear electron flow (LEF) pathway. In 

the protonic circuit, the proton motive force (pmf) is generated across the thylakoid 

membranes from protons (H+) derived from the splitting of H2O at photosystem II (PSII) 

and translocation at the cytochrome b6f complex of LEF. Formation of the pmf functions to 

drive the synthesis of ATP from ADP and inorganic phosphate (Pi) by ATP synthase 

(Mitchell, 1961). The electron and proton transfer reactions of LEF yield NADPH and ATP, 

at fixed ratios, and these substrates are used to drive an array of downstream metabolic 

reactions including CO2 assimilation. 
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During the coupled electron and proton transfer reactions, photosynthesis produces 

high energy intermediates that can interact with oxygen to generate harmful reactive 

oxygen species (ROS). Photo-oxidative stress, such as ROS formation, can occur under 

excess light, which leads to over-reduced photosynthetic reaction centers (Foyer and 

Harbinson, 1994). Therefore, apart from the intricacies in the energy conversion processes, 

photosynthesis must also stabilize high energy intermediates by modulating the rate of 

energy capture at PSII. Two main forms of regulation that have evolved in oxygenic 

phototrophs are modulation of the pmf and adenylate homeostasis. Both of these allow fine 

tuning of light capture and the efficient conversion to chemical energy. Work described in 

this dissertation aims at elucidating some of the dynamic photosynthetic processes that 

allow higher plants to rapidly respond to environmental fluctuations by provision of ATP 

and modulation of the pmf. 

Photophosphorylation and the electron transfer reactions of photosynthesis 

In order to understand the dynamics of photosynthesis, the components that make 

up the system must first be covered. This section describes the intricate molecular 

complexes (Figure 1): photosystem II (PSII), cytochrome b6f, photosystem I (PSI), and ATP 

synthase and how these components are regulated to allow for rapid modulation of energy 

capture. Moreover, the varying roles of the photosynthetic apparatus will be reviewed, in 

relation to the collective role in efficiently coping with fluctuating light and photo-

protection, through modulation of the pmf.  
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Photosystem II  

In photosynthetic electron transport, absorption of light energy occurs at the two 

multiprotein complexes found in the thylakoid membrane, known as PSI and PSII ( as 

illustrated with lightning bolts in Figure 1). Within each PS, photons are captured by a 

chlorophyll- containing antenna system that forms the light harvesting complex (LHC). 

Light absorbing pigments are located within the antenna proteins of the LHC and comprise 

chlorophyll a and b molecules, as well as carotenoids (e.g., β-carotene, lutein, and 

violaxanthin). Together, the LHC pigments allow for a broad spectrum of the visible light to 

be absorbed, particularly in the red and blue regions, with absorption maxima around 660 

and 428 nm (Figure 1, inset) (Lichtenthaler, 1987). In addition to capturing and 

Figure 1. Photochemical reactions of linear electron flow. The major 
components of the light reactions found on the thylakoid membrane involved in 
oxygenic photosynthesis; beginning with PSII being light activated and splitting H2O 
at the oxygen evolving complex. Electrons from PSII are then transferred through 
the membrane to cytochrome b6f by plastoquinone pool (depicted as PQH2). 
Following the electron chain to PSI via plastocyanin (PC) to reduce Fd and NADPH. 
The fourth major complex is ATP synthase using the protons (H+) generated through 
electron transport to synthesize ATP from ADP and Pi. The inset spectra indicate the 
absorption wavelengths for both PSII (680 nm, orange) and PSI (700 nm, blue). 
Image reproduced from Croce, R. and Amerongen, H. Van. (2014) with permission of 
the rights holder (RightsLink license #4123691481624). 
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distributing the light energy, the LHCs are also involved in the photo-protective 

mechanisms induced under excess light (see non-photochemical quenching) (Nevo et al., 

2012).  

Following light capture by LHCs, energy is transferred excitonically to the reaction 

centers (RC) where it can be converted, through a series of electron transfer reactions, into 

chemical energy. The two RCs contain  a special pair of chlorophyll a molecules, identified 

by their visible absorption maxima: P680 in PSII and P700 in PSI (Figure 1) (Ort and 

Yocum, 1996). The RC of PSII is composed of D1 and D2 heterodimer proteins with a P680 

center and an array of electron transferring molecules, i.e., pheophytin and plastoquinone 

(PQ) molecules, QA and QB (Ort and Yocum, 1996).  

Figure 2. Simplified model of the different excited chlorophyll fates. Model 
illustrates the excited chlorophyll state at PSII, P680 with four fates of electron 
transfer. Electrons can shuttle through the reaction centers (2) via LEF or can be lost 
as fluorescence (1) and as a photoprotective mechanism through NPQ (3). The 
relationship of these three possibilities are directly related and in competition. 
Lastly, (4) can occur when there is an excess amount of light causing a backup in the 
light reactions and an accumulation of high-energy excited chlorophylls that can 
lead to formation of 3Chl* and ultimately 102. Reviewed in (Baker, 2008). 
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The photochemically excited singlet form of P680 (P680*, or 1Chl*) is capable of 

relaxing down to ground state by one of four competing pathways, illustrated in Figure 2 

(Müller et al., 2001). Relaxation can occur through (1) fluorescence, (2) photochemical 

reactions, i.e., LEF, (3) dissipation as heat via non-photochemical quenching (NPQ), or (4) 

the formation of a triplet chlorophyll (3Chl*). The 3Chl* can be dangerous in the presence of 

O2 because it can easily form ROS (e.g., 1O2) which can oxidize and damage photosynthetic 

membranes (Aro et al., 1993; Krieger-Liszkay, 2005; Triantaphylidès et al., 2008). 

Cytochrome b6f 

When the excitation energy is used for LEF, a series of electron transfer reactions 

occur succeeding PSII. Protonation of the dissociable PQ molecule, QB, is converted to a 

mobile electron carrier plastoquinol (PQH2), which allows for the transfer of protons and 

electrons to the second main complex in the chain, cytochrome b6f (Ort and Yocum, 1996; 

Kramer et al., 2004a). Cytochrome b6f (Figure 3) is an integral membrane protein complex 

that mediates the transfer of electrons between the two PSs while also contributing to the 

pmf as a proton pump. The core structure of cytochrome bc complexes are highly 

conserved across species and composed of three main parts: cytochrome b, the Rieske iron 

sulfur protein, and cytochrome f in higher plants (Cape et al., 2006). Electrons are 

transported through the complex by a mechanism known as the Q-cycle (illustrated in 

Figure 3) consisting of two redox pathways that are differentiated by their redox potentials 

(Cape et al., 2006). As a result, the Q-cycle has a role in energy conservation by contributing 

to the buildup of the pmf  as well as electron transfer (Mitchell, 1976; Crofts et al., 1983). 

Through the Q-cycle electrons are both recycled through the thylakoid membrane and onto 

the next electron carrier plastocyanin.  
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Photosystem I 

The last complex of the electron transfer pathway involves the second RC, PSI. Much 

like in PSII, the RC of PSI is surrounded by LHC chlorophyll-bound proteins that funnel the 

photon energy to the primary electron donor P700 (Figure 1). The chlorophyll a dimer, 

Figure 3. Simplified diagram of cytochrome b6f complex and the Q-cycle pathway. 
In the Q-cycle one electron travels through the high-potential chain, while the second 
electron retains its energy at the bL site. Equilibration of the bL electron through bH and 
Qi site allows for the displacement of the now oxidized PQ at the Qo site to be replaced 
with a new PQH2. A second turnover of PQH2 through the low-potential chain, results in 
the reduction and protonation of the intermediate at the Qi site by acquiring stromal 
protons. The resulting PQH2 at the Qi site is then recycled back into the membrane 
becoming a source of electrons in addition to aiding in H+ translocation, because the 
initial Q-cycle oxidation step at the Qo site releases H+ into the lumen space. Image 
modified from (Cape et al., 2006). Permission to use this figure was granted by the 
present copyright holder (RightsLink license #4123700803360). 

Rieske 
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P700, also undergoes a charge separation (P700+) followed by an electron transfer through 

a chain of electron acceptors: Ao-chlorophyll a monomer, A1-phylloquinone and a chain of 

[4Fe4S] clusters (Fx, FA, FB) (depicted in Figure 4) (Ort and Yocum, 1996). Accumulation of 

two reduced Fd molecules leads to the final reduction step of NADP+, catalyzed by 

ferredoxin-NADP+ reductase (FNR).  

The electron transfer reactions of photosynthesis have been historically referred to 

as the “z-scheme” (as illustrated in Figure 4)(Hill and Bendall, 1960), based on the redox 

behaviors involving the electron transfer from the two excited chlorophyll states (P680 and 

P700) through cytochrome b6f (Govindjee et al., 2017). In addition to the cytochrome b6f 

Figure 4. The Z-scheme of oxygenic photosynthesis. The change in 
reducing potentials following photoexcitation of PSII and PSI (Nelson et 
al., 2008). 
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complex, protons are accumulated in the thylakoid lumen through the activity of the 

oxygen evolving complex at PSII (Figure 4). Therefore, the electron and proton transfer 

reactions of LEF work in concert to yield a fixed ratio of both reducing potential, NADPH, 

and chemical energy in the form of ATP. 

ATP synthase 

The pmf buildup from LEF is used to drive the energy-transducing enzyme, ATP 

synthase. It is a multi-subunit membrane-associated enzyme, which harnesses the proton 

(H+) gradient to reversibly synthesize ATP from ADP and Pi. ATP synthase (Figure 5) is 

composed of two, functionally linked sub-complexes termed coupling factor 1 (CF1) and 

CFo. The CFo consists of four subunits (a, b, b’, and c-ring rotor, also referred to as VI, I, II, 

III, respectively) and is the integral membrane-spanning portion involved in H+ 

Figure 5. Structure of E. coli ATP synthase. Image depicts the major components 
of ATP synthase rotary mechanism and described in text. Image reproduced from 
Weber (2007) with permission of the rights holder (RightsLink license 
#4123711273872). 
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translocation (Seelert et al., 2000; Varco-Merth et al., 2008). While the other-half, CF1, is 

composed of five subunits (α3, β3, γ, δ and ε) and is located on the peripheral membrane 

side containing the catalytic sites for synthesis of ATP (Boekema et al., 1988). 

The amount of H+ required for rotational catalysis and thus the synthesis/hydrolysis 

of ATP is of major interest because of its involvement in energy metabolism (Strelow and 

Rumberg, 1993; Van Walraven et al., 1996; Watt et al., 2010). In higher plants, including 

Arabidopsis thaliana, there are 14 c-subunits in CFO, which lead to the requirement of 14 H+ 

to synthesize 3 molecules of ATP, given that the catalytic portion of CF1 contains 3 αβ 

subunits (Seelert et al., 2000). When compared to the H+/2e- stoichiometry produced 

through LEF (i.e. 6 H+ per 2 electrons), the net ratio of ATP per NADPH is 1.28 (reviewed in 

Kramer and Evans, 2011). However, downstream metabolic reactions, e.g., the Calvin-

Benson-Bassham (CBB) cycle requires a fixed ratio of 1.5 ATP per NADPH for carbon 

assimilation (see Appendix A) (Bassham et al., 1954; Allen, 2002). This implies the ratio of 

ATP per NADPH produced under LEF steady-state conditions is not sufficient for ribulose-

1, 5-bisphosphate (RuBP) regeneration by the CBB cycle (Allen, 2002; Kramer et al., 2003). 

Other thylakoid metabolic reactions, e.g., photorespiration and nitrogen assimilation, also 

require a fixed stoichiometry of ATP and reductant but at different (often higher) ratios 

compared to carbon assimilation (Noctor and Foyer, 2000). Therefore, under optimal 

growth (not including fluctuating light conditions) the amount of ATP being produced from 

LEF alone is insufficient to drive downstream coupled ATP/NADPH-consuming metabolic 

reactions.  
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The chloroplast redox regulation 

An added factor to the uniqueness of chloroplast ATP synthase compared to 

respiratory homologs is a regulatory dithiol domain located on the γ-subunit of CF1 

(Hisabori et al., 2003). The characteristic 40 amino acid residues (196-242 in Arabidopsis 

thaliana), containing the regulatory cysteines (Cys199 and Cys205), are only found in 

chloroplast ATP synthase complexes (Hisabori et al., 2003; Richter, 2004). It is thought that 

the regulatory region evolved as a mechanism allowing optimal production and 

conservation of ATP in response to light (i.e. to minimize wasteful hydrolysis of ATP at 

night).  

Junesch and Gräber (1987) first proposed a model for the different activation 

energy states (Δµ~H+), also termed pmfT (threshold of pmf), needed to drive the chloroplast 

Figure 6. Schematic of the four different energy states of ATP synthase. Based 
on the influence of the redox state in the γ-subunit thiols, ATP synthase requires 
different membrane energization potentials (also termed pmfT) as depicted with the 
intensity of the arrows, for the synthesis of ATP. (E) energy state, (i) inactive, (a) 
active, (ox) oxidized, and (red) reduced. The mechanism of the different states is 
described in the text. 
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ATP synthase. The different energy states are regulated by electron transport reactions and 

their immediate (ΔpH) and secondary (redox state of the enzyme) effects. In the model 

(Figure 6), the pmfT requirement is higher when ATP synthase is in an oxidized disulfide 

state, e.g., in the dark, while a lower energization is required under reducing conditions, 

such as under high light exposure (due to the presence of reduced Fd) or in the presence of 

exogenous reducing agents, e.g., dithiothreitol (DTT) (Junesch and Gräber, 1987; Kramer 

and Crofts, 1989). This implies that when the CF1 γ-subunit thiols are reduced, the pmfT 

needed to synthesize ATP is much smaller, i.e., ~1 pH unit lower (i.e. 60 mV), compared to 

the oxidized thiol-state, leading to increased photophosphorylation at limiting pmf 

(Vallejos et al., 1983; Ketcham et al., 1984; Junesch and Gräber, 1987; Kramer and Crofts, 

1989; Junesch and Gräber, 1991). The outcome of a higher pmfT under unfavorable or 

oxidizing conditions for CFoF1 is the hindrance of wasteful ATP hydrolysis in the dark and 

hence conservation of energy. 

The proton motive force (pmf) 

The energetic link between the electron transport reactions of photosynthesis and 

the metabolic energy currency in cells, ATP, is the pmf. Therefore, to get a better 

understanding of the key player in the dynamics of photosynthesis we will further discuss 

the properties that constitute the pmf. The pmf is differentiated into two components: an 

electric potential (ΔΨ) between the aqueous phases and the pH gradient (ΔpH) established 

across the thylakoid membrane (Mitchell, 1966; Hangarter and Good, 1982; Cruz et al., 

2001). The thermodynamic contributions of these two components to pmf is given by  

 𝑝𝑚𝑓 = ΔΨ(i − o) + (
2.3RT

F
)ΔpH(o − i) 
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The sum of the two components (expressed in volts) make up the driving force for the 

synthesis of ATP (Mitchell, 1966; Cruz et al., 2001). The constants R and F are the universal 

gas and the Faraday constant, respectively.  

Although the two components of pmf are thermodynamically equivalent, meaning 

that a change in one ΔpH unit will equally affect the ATP/ADP equilibrium as a shift in ΔΨ 

by ~60 mV (Nicholls and Ferguson, 2002; Junge and Nelson, 2015), the distribution of ΔΨ 

and ΔpH differ between species (Kramer et al., 1999). Moreover, the distribution of the two 

pmf components influence cellular processes differently. For example, acidification of the 

thylakoid lumen, attributed to the ΔpH component, is associated with photo-protection. 

In yeast mitochondria and aerobic bacteria the major contribution of pmf is ΔΨ 

rather than ΔpH, presumably as an evolutionary mechanism to function in a broad pH 

range (Fischer and Gräber, 1999; Petersen et al., 2012). However, in chloroplasts, ΔΨ and 

ΔpH are kinetically equivalent, i.e., they equally influence the rate of ATP synthesis, and the 

magnitude of each component can be influenced by a variety of parameters, e.g., ADP, P i, 

Mg2+, and the redox state of CFoF1 (Gräber et al., 1984; Turina et al., 1991; Kramer et al., 

1999; Fischer et al., 2000; Turina et al., 2016). 

The pmf, therefore, functions as more than a driving force for ATP synthase, but also 

a regulatory sensor  involved in photo-protection, redox signaling, and feedback regulation 

for photosynthesis (Kramer et al., 2003; Cruz et al., 2005a). Recent studies have supported 

the importance of pmf partitioning and its role in modulating ATP synthase, while also 

protecting against over-acidification of lumenal components, modulating the activity of the 

cytochrome b6f complex, and activation of the photo-protective mechanisms (Cruz et al., 
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2005b; Takizawa et al., 2007; Rott et al., 2011; Armbruster et al., 2014; Strand and Kramer, 

2014; Carrillo et al., 2016).  

A high-degree of regulation is required for the light-reactions  

Unlike a majority of the photosynthetic research currently being conducted under 

steady-state conditions our work focuses on stochastic (i.e. more naturalistic) 

environmental settings. Most higher plants experience quickly alternating periods of light 

and shade (Figure 7), known as sunflecks, which can adversely affect photosynthesis 

(Pearcy, 1990). For this reason, this research aims at understanding those dynamic 

Figure 7. Dynamic photosynthetic responses dependent on light. Illustrating 
the relationship between net photosynthetic CO2 uptake in response to different 
light conditions and plant induction state. When plants are kept in the dark for long 
periods of time (+2 hr), take longer to acclimate and respond to light exposure (A). 
When plants have been exposed to light, they can more quickly react to light 
exposure and CO2 assimilation (B). The duration of high-light exposure also effects 
photosynthetic processes and can result in post-light CO2 burst (C). The arrows 
indicate the point of light exposure activation/deactivation. Image from (Pearcy, 
P.W. 1990). 
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environmental conditions occurring in nature and the role by which the pmf aids in 

regulation. This section will emphasize the different forms by which pmf alleviates and 

augments photosynthesis under varying dynamic conditions. Beginning with the ΔpH 

component of pmf and its role in photo-protection and NPQ. 

Non-photochemical quenching 

 The thermal dissipation pathway of NPQ (third route of Figure 2) can be further 

differentiated into several different quenching forms: qE, energy dependent (i.e. pH) 

quenching; qT, state transition component; and qI, photoinhibition component, according 

to the dark relaxation kinetics of each (Horton and Hague, 1988). While qI and qT play a 

role on a longer (i.e. minutes) time-scale, the most relevant and influential component in 

the immediate photo-protective mechanism is qE. This mechanism is rapidly induced 

(seconds time-scale) by a decrease in pH of the thylakoid lumen. Moreover, the 

reversibility of the mechanism allows for optimal sensing of fluctuating light and the direct 

effects of ΔpH.  

Sensing a decrease in pH occurs through two mechanisms, protonation of PSII 

subunit S protein (PsbS) (Li et al., 2004) and activation of the violaxanthin de-epoxidase 

enzyme of the xanthophyll cycle (Demmig-Adams and Adams III, 1996). The PsbS protein, 

also known as CP22, is part of the LHC antenna system of PSII and functions as a pH sensor 

through two lumen-exposed glutamates (Li et al., 2004). Protonation of the glutamates 

leads to a conformational change of PSII and its associated LHCs to aid in the zeaxanthin 

dissipative state (Johnson and Ruban, 2011). Activation of the violaxanthin de-epoxidase, 

which is strictly controlled by the lumen pH, catalyzes the conversion of violaxanthin to the 

intermediate antheraxanthin and finally to the quenching pigment zeaxanthin (Demmig-
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Adams and Adams III, 1996). Both mechanisms work together in altering the PSII antenna 

system and quenches the 1Chl* state (Gilmore, 1997; Ruban et al., 2012). While qE prevents 

photo-damage by dissipating the energy of 1Chl* as heat, it also affects the alternative 

routes, including photochemistry. 

Photoinhibition 

Contrary to the qE mechanism, the irreversible photoinhibitory component, qI 

down-regulates PSII at a longer time-scale (min to hr). This can occur under extended 

exposure to elevated light intensities causing the rate of energy absorption to outcompete 

the transfer of chemical energy (fourth route in Figure 2). This can result in the 

accumulation of 1Chl* molecules, (through forward- or reverse electron transfer reactions), 

which are capable of generating damaging 1O2 via electron spin exchange (Krieger-Liszkay, 

2005; Ruban et al., 2012).  

Metabolic flexibility 

In addition to the sensitivity of light intensities, photosynthesis also requires 

metabolic flexibility. The tightly coupled H+ and electron transfer reactions of LEF generate 

ATP and NADPH at fixed stoichiometric ratios required to fuel downstream metabolic 

reactions (Arnon et al., 1958; Sivak and Walker, 1986; Furbank and Horton, 1987; Allen, 

2002). However, as mentioned above, under steady-state conditions the metabolic 

(ATP/NADPH) ratio from LEF alone is insufficient to drive the metabolic reactions. 

Moreover, the turnover rate of ATP and NADPH pools in the chloroplasts are very fast, on 

the order of tens to hundreds of milliseconds (Lilley et al., 1982; Noctor and Foyer, 2000; 

Kramer and Evans, 2011). Therefore, the production and consumption of these molecules 

must be tightly coordinated to prevent thermodynamic constraints on photosynthesis. 
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Previous work has demonstrated that mismatches in the ATP/NADPH pools, induced by 

rapid fluctuations of light and/or introduction of biotic and abiotic stresses, can quickly 

inhibit photosynthesis (Avenson et al., 2005; Cruz et al., 2005a; Amthor, 2010). Therefore, 

adequate regulatory mechanisms are required to keep plastidial reactions in balance in the 

face of a stochastic environments. 

Mechanisms that modulate the pmf and ATP homeostasis 

To decipher the way in which photosynthesis copes with dynamic conditions, a 

better understanding of how the pmf and ATP is modulated is imperative. Modulation of 

 

Figure 8. Mechanisms that modulate the pmf. The image depicts the thylakoid 
membrane with the major photosynthetic components embedded. The four 
mechanisms (boxed) are involved in pmf modulation in response to the light 
reactions of photosynthesis. Image modified from (Kramer et al., 2004). 
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the pmf is linked directly and indirectly to ATP synthase (Kramer et al., 2004a; Armbruster 

et al., 2014; Carrillo et al., 2016). This relationship is illustrated with four mechanisms 

(Figure 8): 1) alternative electron pathways, 2) pmf partitioning, 3) ATP synthase proton 

conductivity (gH+), and 4) redox regulation. These reveal critical connections between the 

light induced pmf and downstream metabolism of the chloroplast.  

Alternative electron pathways within the chloroplast 

Currently, there are four predicted electron flow pathways (Figure 9): 1) cyclic 

electron flow (CEF), 2) water-water cycle, 3) malate valve, and 4) plastid terminal oxidase, 

that can augment ATP and/or displace electrons and thus reductant (Cruz et al., 2005a; 

Eberhard et al., 2008; Kramer and Evans, 2011). The CEF pathway functions to supplement 

the ATP produced through LEF, by also contributing to the pmf, but without concomitant 

NADPH production. The electron transfer pathways of CEF are under intensive 

investigation, although all require the transfer of stromal reducing equivalents back to PSI 

through the PQ pool without the involvement of PSII (Joliot and Johnson, 2011; Kramer and 

Evans, 2011).  

The water-water cycle (Figure 9), also known as the Mehler peroxidase reaction, is 

like CEF in that electrons are prevented from reducing NADP+ but serve to reduce oxygen 

to superoxide radical (O2-∙) (Asada, 1999). Superoxide is then dismutated to hydrogen 

peroxide (H2O2), which is reduced by ascorbate peroxidase to form oxygen and water. The 

overall process uses electrons derived from the splitting of water at the PSII OEC as well as 

the electrons from PSI to regenerate water from oxygen, hence the name water-water cycle 

(Asada, 1999; Asada, 2006). 
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The malate valve pathway uses NADPH to reduce oxaloacetate to malate by NADP-

dependent malate dehydrogenase (MDH), which is shunted from the chloroplasts to 

mitochondria (Scheibe, 2004). In the mitochondria, this reducing power can be dissipated 

by alternative oxidase respiration. Lastly, the plastid terminal oxidase (PTOX) augments 

the ATP deficit in a related manner by shunting electrons from the PQ pool to oxygen 

(Scheibe, 2004). These alternative pathways (Figure 9) aid in augmenting the ratio of 

ATP/NADPH by either contributing to the generation of the pmf without supplying 

reducing potential or by selectively consuming the NADPH.  

Figure 9. Schematic representation of the alternative chloroplast electron 
transport pathways. These alternative chloroplast pathways augment ATP by 
either pumping additional protons into the thylakoid lumen (CEF-yellow) or by 
consuming forms of reducing potential. The plastid terminal oxidase (PTOX-blue) 
reduces O2 by using the reducing potential from PSII, while the water-water cycle 
(green) takes electrons directly from PSI and NADP-malate dehydrogenase (MDH-
orange) derives its reducing potential also from PSI. Detailed mechanisms described 
in text. 
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Pmf partitioning 

The mechanisms described above are particularly useful in the presence of 

environmental stresses, e.g., when ATP demand is high. For instance, CEF is induced under 

low temperature and drought (Clarke and Johnson, 2001; Kohzuma et al., 2009); however, 

under non-stressed steady-state conditions CEF is minimally engaged (Bendall and 

Manasse, 1995; Cruz et al., 2005a; Livingston et al., 2010). The same applies for water-

water cycle, malate valve and PTOX with less than 5% contribution to the ATP/NADPH 

budget compared to LEF, even in the presence of severe stress (Clarke and Johnson, 2001; 

Joët et al., 2002; Scheibe, 2004; Streb et al., 2005).  

Modeling and kinetic studies of the production and consumption products from the 

photochemical reactions with these alternative ATP augmenting mechanisms (Figure 9) 

have only confirmed minimal contributions to the quantum yield of CO2 fixation (Genty et 

al., 1989; Foyer et al., 1992; Cruz et al., 2005a; Eberhard et al., 2008). These studies were 

led by earlier work using isolated chloroplasts that assumed an enclosed plastid system, 

where the metabolic pools are self-contained. Nonetheless, a great deal of evidence is 

arising focused on ‘crosstalk’ and the interaction of metabolites between the plastid and 

other cellular compartments (Noctor and Foyer, 2000; Weber, 2004; Weber and Fischer, 

2007; Weber and Facchinelli, 2011).  

These observations lead to a different type of mechanism, often excluded from the 

list, the role of transporters in supplying adenylate balance across the chloroplasts 

membrane. Chloroplasts are enclosed by two membranes: a permeable outer membrane 

layer for proteins <10 kDa and an inner, more selective, membrane embedded with 

transporters for specific metabolic transport. It seems imperative that interaction between 
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the chloroplasts and mitochondria, the two major ATP producing organelles via 

photophosphorylation and oxidative phosphorylation, respectively, would allow for 

metabolic exchange. 

In chloroplasts, an specific ATP transporter, termed nucleoside triphosphate 

transporter (NTT), allows for direct reversible-exchange of ATP with ADP and Pi 

(Kampfenkel et al., 1995; Neuhaus et al., 1997). Based on the early studies of adenylate 

transport (Heldt, 1969; Strotmann and Berger, 1969), showing minimal rates of adenylate 

exchange (~4.5 µmoles ATP mg-1 Chl  hr-1), ATP transport is not considered a major 

contributor to energy balance. It has been proposed that energy provision by NTT occurs 

under more severe ATP limited conditions, e.g., in the dark when the light reactions of 

photosynthesis are not driving ATP production (Reiser et al., 2004; Reinhold et al., 2007).  

Recent studies on ATP transporters of pathogenic obligate intracellular bacteria, 

such as Rickettsia prowazekii and Chlamydia trachomatis, revealed high homology to plastid 

NTTs and require Pi as a co-substrate with ADP for effective hetero-exchange of adenylates 

(Trentmann et al., 2007; Trentmann et al., 2008). These observations suggest issues with 

some of the experimental setup for the early ATP kinetic measurements and warrants 

reinvestigation. Chapter 3 “Evidence for Rapid ATP Exchange across the Chloroplast 

Envelope,” focuses on our new measurements of ATP exchange via NTT and reasons why 

this mechanism is important for chloroplast ATP balance. 

ATP synthase proton conductivity 

Under specific conditions, environmental stresses can modulate ATP synthase 

activity, generating an acidified thylakoid lumen that upregulates the qE response (Kramer 

et al., 2004a; Avenson et al., 2005). Modulation of the activity occurs by either decreasing 
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the conductivity of ATP synthase (gH+) with a constant LEF, thus creating a back pressure 

of H+, or by altering the fraction of the pmf components, e.g., to increase the ratio of ΔpH to 

ΔΨ (Kanazawa and Kramer, 2002; Kramer et al., 2004a; Kramer et al., 2004b). The activity 

of stromal assimilatory enzymes are controlled by the levels of ATP, ADP and Pi (Sharkey, 

1990), altering those levels by modulating the gH+, which has been demonstrated under 

low CO2 conditions adds another form of flexibility to photosynthesis.  

One example of this form of regulation is demonstrated in Arabidopsis thaliana K+ 

efflux antiporter (KEA3) mutant, described further in the Appendix B. The KEA3 antiporter 

is located on the thylakoid membrane and functions by transporting lumenal protons in 

exchange for potassium ions across the membrane (Armbruster et al., 2014). We proposed 

that KEA3 accelerates photosynthetic acclimation, particularly under rapid changes in light 

intensities, by aiding in the downregulation of qE (Armbruster et al., 2014). The kea3 

mutants display increased levels of NPQ and qE response induced by the pmf partitioning 

mechanism demonstrating a greater proportion of the ΔpH component of the pmf 

compared to wild type (see Appendix B). 

Chloroplast redox regulation 

As mentioned with ATP synthase and illustrated in Figure 8, redox regulation is 

another form of pmf modulation and the flexibility that plants have adapted that is light-

dependent, abundant and rapidly regulated. This form of regulation is not only important 

in plants but in most living systems and functions as a reversible post-translational 

modification affecting the activation of genes (Buchanan and Balmer, 2005). Regulation 

occurs by the ubiquitous disulfide thioredoxin proteins and in some cases a reductase that 

catalyzes the reduction of regulatory cysteine (Cys) on proteins (illustrated in Figure 10). 
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Altering of the disulfide from a reduced form (-SH HS-) to an oxidized form (-S-S-) is a 

reversible mechanism and affects stability of the structure and redox state leading to a 

catalytic or regulatory change (Buchanan, 1980; Yano et al., 2002; Hogg, 2003). 

The first discovered and well-established thioredoxin system in plastids is the 

ferredoxin thioredoxin reductase (FTR). It is considered the primary mechanism (Figure 

10) that coordinates activation of the light-dependent reactions and enzyme activity of 

photosynthesis, first reviewed in 1980 (Buchanan, 1980). FTR was initially proposed to 

target two types of thioredoxin (Trx) in chloroplasts: Trx-f and Trx-m, names derived from 

the selectivity in activating CBB cycle enzymes (Buchanan, 1980). Trx are widely 

distributed proteins of low molecular weight (~12 kDa) with a conserved redox-active 

motif (WCGPC), especially in plants, that efficiently reduce (or oxidize) regulatory thiols on 

target enzymes.  

Figure 10. The FTR system in relation to the light reactions. Reducing potential, 
Fd, is derived from the light reactions allow for ferredoxin: thioredoxin reductase 
(FTR) system to reduce thioredoxin. This central redox signaling system functions 
in symmetry with light allowing for activation and deactivation of enzymes with 
respect to light. Image adapted from Dai et al. (2007) with permission of the rights 
holder (RightsLink license #4123730075446) 
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For example, one target enzyme being ATP synthase, which is considered a dormant 

enzyme, i.e., it remains inactive in the dark and oxidizing conditions. With only a minimal 

amount of light (~4 µmol photons m2 s-1) the redox-sensitive Cys on the -subunit of ATP 

synthase are readily reduced (Kramer et al., 1990). Reduction of the disulfide bonds of ATP 

synthase, as well as CBB cycle enzymes occur by Trx redox regulation (Figure 10), derived 

from reduced Fd of the PSI light reactions (Buchanan, 1980; Capitani et al., 2000). In the 

dark (and most likely under oxidizing conditions) the reverse sequence of events occur, 

leading to the deactivation of enzymes (Leegood and Walker, 1980). 

Following the sequencing of the Arabidopsis thaliana genome, numerous additional 

Trx isoforms (~20) were found in the chloroplast and classified into 7 different subtypes: 

Trx f1-2, m1-4, x, y1-2 and z, based on the molecular characteristics and redox midpoint 

potential properties (Collin et al., 2003; Yoshida et al., 2014; Thormählen et al., 2017). 

Biochemical studies suggest that each of the different Trxs function in a distinct manner 

and target specific regulatory enzymes, possibly to aid in the flexibility of the 

photosynthetic system (Collin et al., 2003; Yoshida et al., 2014; Yoshida and Hisabori, 

2016). Currently there are two known reduction systems in plants: 1) a variant of the 

prokaryotic system called NADPH-thioredoxin reductase C (NTRC) and the canonical 2) 

FTR system, described above. 

The second chloroplast reductase system, NTRC, was more recently discovered 

during rice genome sequencing and is found exclusively in oxygenic organisms (Serrato et 

al., 2004; Pascual et al., 2010). As discussed further in chapter two, NTRC is different from 

the canonical FTR system with a distinct structure, source of reducing power and 

potentially regulatory target. NTRC contains both a reductase (NTR) and Trx on a single 
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polypeptide using NADPH as the electron source (Serrato et al., 2004; Pérez-Ruiz et al., 

2006). The reducing agent being NADPH rather than Fd, complements the FTR system and 

provides additional flexibility in redox regulation because the production of NADPH can 

also occur in the dark via oxidative pentose phosphate pathway (Neuhaus and Emes, 

2000). 

Studies have shown high reduction affinity between the dimeric 2-Cys peroxiredoxin 

(Prx) and NTRC (Pérez-Ruiz et al., 2006; Cejudo et al., 2012; Bernal-Bayard et al., 2014). 

This implies a different form of redox regulation for NTRC, possibly involved in protection 

from photo-oxidative stress. Moreover, NTRC has been proposed to regulate a wide range 

of systems, including ADP glucose pyrophosphorylase involved in starch biosynthesis 

(Michalska et al., 2009; Lepistö et al., 2013), enzymes involved in chlorophyll biosynthesis 

(Richter et al., 2013; Pérez-Ruiz et al., 2014) and most interestingly ATP synthase and 

photosynthesis (Carrillo et al., 2016; Naranjo et al., 2016; Nikkanen et al., 2016). There has 

been a growing concern in the field of redox regulation and photosynthesis, to better 

understand the differences between the highly similar redox regulators: FTR and NTRC 

(Yoshida and Hisabori, 2016; Gütle et al., 2017; Thormählen et al., 2017), with relation to 

the dynamics of photosynthesis. 

Aims of Dissertation 

The focus of this dissertation is aimed at better understanding the dynamics of 

photosynthesis in coping with rapid changes in light intensity. Unlike most ATP synthase 

enzymes, CFoF1 can be rapidly activated in the light and involves a structural 

conformational change in the ε- and γ-subunit. The shift in conformation lowers the 
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activation state/kinetic barrier for the Δµ~ H+ requirement, allowing the enzyme to rapidly 

sense and respond to sensitive light ranges (Richter and Gao, 1996; von Ballmoos et al., 

2009).  

Chapter two centers on the Trx redox regulation of the γ-subunit of ATP synthase that 

allows for the rapid activation of the enzyme. Previous work has demonstrated the 

uniquely rapid reduction of the regulatory thiols of CFoF1 only require minimal light and 

the work presented here link it to NTRC. NTRC derives its reducing potential from the more 

reducing substrate, NADPH, which can be supplied independent of the light reactions of 

photosynthesis. This work proposes that NTRC complements FTR-Trx redox regulation in 

allowing for the reduction of the regulatory thiols of CFoF1 at different (lower) irradiance 

levels. Both Fd and NADPH contain varying redox potentials (~-300-330, Em,7.5 versus ~-

275, Em,7.5, respectively) and enzymatic targets (CBB cycle enzymes versus 2-Cys Prx) 

(Yoshida and Hisabori, 2016; Yoshida and Hisabori, 2017). One could propose that having 

two redox pools allows for a greater flexibility in the activation and deactivation of 

photosynthetic enzymes. 

Chapter three adds flexibility to the photosynthetic metabolic system with a focus on 

NTT. Our findings provide evidence for rapid exchange of ATP across the chloroplast 

membrane and the adverse photosynthetic effects caused by a decrease in the activity of 

both NTT isoforms. Direct exchange of adenylates through the plastidial and other cellular 

compartments is vital in ATP and metabolic homeostasis. The research supports the 

hypothesis of direct exchange of ATP and ADP plus Pi.  

Plants have evolved diverse mechanisms to allow them to withstand the dynamics of 

environmental pressures, e.g., rapid alterations in light intensity. By addressing the 
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mechanisms involved in modulating ATP homeostasis through ATP synthase and the pmf, 

we are closer to better understanding the complexities and dynamics of the photosynthetic 

system.   
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Carbon assimilation is the second component of photosynthesis and occurs in the 

stroma of chloroplasts using the end products of the photochemical reactions, ATP and 

NADPH. The carbon fixation process is divided in three phases: carboxylation, reduction 

and regeneration, to complete the CBB cycle (Supplemental Figure 1). The process of 

photosynthesis was once proposed to consist of light and dark reactions, implying the CBB 

cycle occurred in darkness; however, several enzymes of the CBB cycle are regulated by 

light and become inactivated in the dark making light and dark reaction titles misleading 

(Buchanan, 1980). The photosynthetic light reactions provide more than the ATP and 

NADPH required to fuel the CBB cycle. For instance, there are four redox-regulated 

enzymes in the CBB cycle directly activated by light-induced thioredoxin reduction 

(Michelet et al., 2013). Photochemical products from LEF are used in the CBB cycle to fix 

atmospheric CO2 into two main carbon products, starch and sucrose synthesized in the 

chloroplasts and cytosol, respectively (Cséke and Buchanan, 1986; Quick and Neuhaus, 

1997).  

Within the CBB cycle, there are 11 different enzymes involved in catalyzing the 13 

reactions, as shown in Supplemental Figure 1 (Wilson and Calvin, 1955; Raines, 2003; 

Michelet et al., 2013). The cycle begins with the enzyme ribulose-1, 5-bisphosphate 

carboxylase oxygenase, commonly referred to as Rubisco, to catalyze the carboxylation of 

ribulose-1, 5-bisphosphate (RuBP) with CO2 to make 2 molecules of 3-phosphoglycerate (3-

PGA). Rubisco is also capable of catalyzing the oxidation of RuBP in competition with 

carbon assimilation (Hartman and Harpel, 1994). A great deal of effort has been devoted to 

the optimization of the rate-limiting step in carbon fixation (Hartman and Harpel, 1994); 
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however, more recent work has proposed an evolutionary motive for the ‘so-called 

inefficient’ Rubisco in photoprotection against excess O2 levels (Ort and Baker, 2002). 

The reduction phase of the CBB cycle utilizes 3-PGA along with ATP and NADPH for 

two sequential events producing triose phosphates, glyceraldehyde phosphate (GAP) and 

dihydroxyacetone phosphate (DHAP) (Quick and Neuhaus, 1997; Raines, 2003). At this 

point in the cycle, the triose phosphates can be utilized to fuel the regenerative phase of the 

cycle via fructose-bisphosphate aldolase enzyme making fructose-1,6-bisphosphate, or 

alternatively exit the cycle to synthesize sucrose. The regenerative phase allows for the 

conversion of 3-carbon molecules into 5-carbon intermediates starting with fructose-6-

phosphate (F6P) using the transketolase enzyme and an additional GAP molecule. The 

enzyme, fructose-1,6-bisphosphatase, that catalyzes F6P formation is one of the four light-

regulated CBB cycle enzymes through reduction via Fd-Trx reductases system (highlighted 

in blue, Supplemental Figure 1)(Buchanan, 1980; Lemaire et al., 2007; Schürmann and 

Buchanan, 2008). During this point of the cycle, F6P can take an alternative path for the 

synthesis of starch. However, many of the triose phosphates produced in the cycle are 

utilized for the regeneration of RuBP. The remaining steps in the cycle involve the catalysis 

of six reactions and utilize an additional ATP molecule to produce RuBP and a net gain of 

carbon sources.   
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Supplemental Figure 1. The metabolites and redox regulated enzymes of the CBB 
cycle. The metabolites are depicted in the main ring (black) with enzymes (red and 
blue). The four thioredoxin activated enzymes are in blue and the blue arrows indicate 
carboxylation steps, black arrows for reduction and red for regeneration. The enzymes 
include: Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase), PGK 
(phosphoglycerate kinase), GAPDH (glyceraldehyde-3-phosphatedehydrogenase), TPI 
(triose phosphate isomerase), FBA (fructose-1,6-bisphosphatealdolase), FBPase 
(fructose-1,6-bisphosphatase), TK (transketolase), SBPase (sedoheptulose-1,7-
bisphosphatase), RPE (ribulose-5-phosphate 3-epimerase), RPI (ribose-5-phosphate 
isomerase) PRK (phosphoribulokinase). The metabolites involved are: RuBP (ribulose 
1,5-bisphosphate), 3-PGA (3-phosphoglycerate), 1,3-PGA (1,3-bisphosphoglycerate), 
GAP (glyceraldehyde 3-phosphate), DHAP (dihydroxyacetonephosphate), F1,6P 
(fructose 1,6-bisphosphate), F6P (fructose 6-phosphate), Xu5P (xylulose 5-phosphate), 
E4P (erythrose 4-phosphate), SBP (sedoheptulose 1,7-bisphosphate), S7P 
(sedoheptulose 7-phosphate), R5P (ribulose 5-phosphate), and Ru5P (ribulose 5-
phosphate). 
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APPENDIX B: 

 

The thylakoid K+/H+ antiporter KEA3 facilitates lumenal H+ efflux and photosynthetic 
acclimation under low lumenal pH 
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Abstract 

Due to the sessile nature of plants, they have evolved a number of mechanisms to 

cope with fluctuating environmental conditions. One mechanism being nonphotochemical 

quenching (NPQ), which reversibly allows for excess irradiance to be dissipated as heat and 

prevents the photosynthetic apparatus from being damaged. The Arabidopsis thaliana 

K+/H+ antiporter (KEA3) is located on thylakoid membrane and our work led us to believe 

it plays a role in NPQ upon transitioning from extreme light conditions (prolonged dark or 

high light exposure) to low light. Kea3 displays a persistent recovery of NPQ, specifically 

qE, the pH and energy-dependent form of NPQ after shifting mutants to low light. 

Additionally, when leaves were treated with an artificial PSI electron acceptor methyl 

viologen, which causes very low lumenal pH, kea3 showed a lower thylakoid membrane 

conductance to protons. This suggests that under stressful conditions, such as under very 

low lumenal pH, KEA3 functions as a proton safety valve that mediates proton efflux from 

the lumen. Our results imply a protective role for KEA3 in photosynthesis, activated at a 

low lumen pH, presumably to aid in photosynthetic efficiency under fluctuating light 

conditions. 
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Introduction 

Plants can experience periods of extremely stressful environmental conditions 

during their lifetime. To be able to survive and reproduce in e.g., temperature, salt and/ or 

water stress they have evolved intricate coping strategies. Particularly, photosynthesis, the 

engine of plant growth and reproduction is tightly tuned to maximize light capture 

efficiently and avoid the potentially detrimental effects of stress that can damage the cell 

and even decrease the overall photosynthetic capacity (Li et al., 2009).  

Most abiotic stresses massively inhibit the rate of photosystem II (PSII) repair, 

which has been linked to the activity of CO2 fixation via the CBB cycle (reviewed by 

(Takahashi and Murata, 2008). Damaging effects on the CBB cycle cause a cascade of events 

including back pressure restrictions on the photosynthetic apparatus, resulting in 

increased exposure to excitation pressures at PSII which can be detrimental.  

A number of mechanisms have been proposed to alleviate misbalances of 

metabolites caused by abiotic stresses or a damaged CBB system such as, enhancing cyclic 

electron flow around PSI and decreasing the conductivity of ATP synthase (gH+) (Clarke and 

Johnson, 2001; Kohzuma et al., 2009a). These mechanisms result in a lower lumenal pH 

that is advantageous because it triggers mechanisms that quench excess light energy 

(Krause, 1988; Demmig-Adams and Adams III, 1996; Li et al., 2004) and thereby relieves 

the photosynthetic electron transport chain of the high excitation pressure. Despite the fact 

that high levels of the photoprotective energy quenching, such as non-photochemical 

quenching (NPQ) response are beneficial in stress conditions, it is essential that the proton 

concentration that attributed the quenching stay below a critical threshold (Kramer et al., 

1999). If rising above this threshold, it causes the denaturation and continuous inactivation 
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of important lumenal components of the photosynthetic electron transport chain. 

Specifically, the PSII oxygen evolving complex, plastocyanin, and cytochrome b6f are 

susceptible to denaturation by low lumenal pH (Krieger et al., 1992; Gross et al., 1994; 

Kramer et al., 1999).  

The overall photosynthetic capacity is susceptible to environmental pressures, 

especially when experienced at a longer time-scale (Li et al., 2009). As a preventative 

solution, photosynthesis has evolved regulatory mechanism that aid with the 

environmental dynamics which adjust lumenal pH to levels that maximize energy 

quenching and photoprotection, but maintain the intactness of the photosynthetic 

apparatus. Much effort has been devoted to the mechanisms that allow plants to cope with 

the extreme conditions (Kramer et al., 2004a; Cruz et al., 2005; Eberhard et al., 2008), yet 

inactivation and regulation of those methods to a lesser extent. 

This research presents one form of photosynthetic acclimation via a proton safety 

valve called KEA3 that can stabilize the lumen pH above a certain threshold. Due to its 

trans-thylakoid proton transport properties, we set out to investigate whether KEA3 could 

have a role, as part of a thylakoid proton safety valve, in dissipating excess pmf under rapid 

fluctuations in light intensities. Here, we show that the K+/H+ antiport activity of KEA3 

facilitates the photosynthetic efficiency of PSII by accelerating the downregulation of the 

pH-dependent NPQ response under fluctuating light conditions. Furthermore, if treated 

with the PSI electron acceptor methyl viologen (MV), which causes an acidified thylakoid 

lumen, kea3 mutants display a lower membrane conductance to protons as compared to 

wild type (WT). Altogether, these data suggest that KEA3 may indeed be (part of) a 
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thylakoid proton safety valve that operates in stress conditions, to avoid long-term 

inactivation of photosynthetic electron transport.  

Results 

KEA3 displays rapid photosynthetic acclimation response under fluctuating light  

The photosynthetic regulatory responses of the KEA3 K+/H+ antiporter was 

investigated by first accessing the chlorophyll a fluorescence response under an array of 

light conditions using the DEPI (Dynamic Environment Photosynthesis Imager) system. 

KEA3 is localized in the thylakoid membrane (Armbruster et al., 2014) and since it could 

potentially function to alleviate the proton motive force (pmf) we performed a 5-day 

experiment under three different light regimes: flat day (~100 µmol photons m2 s-1), 

sinusoidal (~40 to 500 µmol photons m2 s-1), and fluctuating light which is similar to 

sinusoidal but has superimposed peaks of a higher light intensities (~40-1,000 µmol 

photons m2 s-1). As predicted the photosynthetic responses most apparent were NPQ and 

more specifically the energy-dependent quenching (qE) of NPQ (Supplemental Figure 2).  

The log2-fold differences of the photosynthetic efficiency of PSII (φII) were minimal 

compared to NPQ and qE. Based on the DEPI results, both KEA3 Arabidopsis thaliana 

mutants, kea3-1 and kea3-2, displayed the largest log2-fold differences consistently at the 

onset of increasing light intensity for both sinusoidal and fluctuating light regimen (day 2, 3 

and 5). The increased levels of NPQ accompanied lower φII signals, particularly during 

sinusoidal and fluctuating days. This implies a synchronized role for kea3 in photosynthetic 

acclimation to fluctuating light.  
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In order to verify if the increased NPQ response was induced specifically by an 

increase in light intensity or by the rapid change in intensities we used IDEAspec (Hall et 

al., 2013) fluorimeter to perform longer NPQ induction studies. Both kea3 mutants 

appeared to have increased levels of NPQ upon transitioning from dark to low light 

conditions (Supplemental Figure 3A). Under low irradiance (50 µmol photons m2 s-1) the 

WT NPQ partially recovered with basal levels after 5 min, while the response in kea3 

followed similar trends to the WT at the onset of light exposure, the NPQ response  

Supplemental Figure 2. Dynamic photosynthetic response in kea3 revealed 
through DEPI. Three photosynthetic parameters: φII, NPQ and qE were measured 
using a 5-day light regime (flat day, sinusoidal day, fluctuating light, flat day, 
fluctuating light) via the DEPI chambers. Within each panel displays the log-fold 
expression differences of both kea3-1 (top) and kea3-2 (bottom) normalized to the 
respective wild type (Col-0 and WS). Signal intensities is according to the false color 
scale on the right (log-fold expression) of the corresponding panels, n≥3. 
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Supplemental Figure 3. Transient NPQ- induction and relaxation- response in 
kea3. Wild type (Col-0 and WT) and kea3 (kea3-1 and kea3-2) leaves were dark-
adapted for 30-min before illuminating at increasing light intensities of 50 mol 
photons m2 s-1 (A), 220 mol photons m2 s-1, and 660 mol photons m2 s-1. The NPQ 
induction phase consisted of a 15-min light period followed by a 10-min dark 
relaxation period. Mean values represented (n=4) ± SEM. 
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exceeded WT at ~1.5 minutes and remained consistently higher. The increased 

photosynthetic acclimation response was less apparent with increasing light intensities, as 

illustrated with 220 µmol photons m2 s-1 (Supplemental Figure 3B) and 660 µmol photons 

m2 s-1 (Supplemental Figure 3C). Yet for all light intensities the increased stress indicator-

NPQ in kea3 exceeded that of WT and delayed in relaxation (Supplemental Figure 3).  

KEA3 NPQ response is associated with the proton motive force 

In order to determine whether the increased NPQ response in KEA3 is associated 

with its role as a K+/H+ antiporter effecting the proton motive force (pmf), we performed 

near-simultaneous measurements of NPQ and dark interval relaxation kinetics (DIRK) 

using the carotenoid electrochromic shift (ECS) measurements, as done in (Sacksteder and 

Kramer, 2000). We predicted that as an antiporter, it could alter the proton concentration 

(pH) and/or electric potential () components of the pmf to alleviate backpressures. 

Despite KEA3’s role as an antiporter, the overall pmf or total ECS (ECSt) was only slightly 

lower in kea3 compared to WT upon transitioning from dark to low light conditions and 

indistinguishable in the dark (Supplemental Figure 4A). This implies that the increase NPQ 

response is not directly linked to the capacity of pmf.  

Nonetheless, by also extracting information on both parameters simultaneously, 

allowed us to correlate the relationship between the overall pmf and NPQ response, seen in 

Supplemental Figures 2 and 3. As shown in Supplemental Figure 4B, despite the dynamics 

of the pmf being largely unchanged in kea3, the sensitivity of NPQ to ECSt was higher than 

in WT, suggesting that KEA3 transiently decreases the contribution of pH to the pmf. 
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Supplemental Figure 4. Enhanced NPQ response is associated with a decrease 
in pmf (ECSt). Chlorophyll a fluorescence and DIRK measurements were 
simultaneously taken from single leaves using the IDEAspec at an actinic light 
intensity of 70 μmol m2 s-1 by applying saturating light flashes. (A) Shown is ECSt of 
two-week-old wild type (Col-0, WS) and kea3 mutant (kea3-1 and kea3-2) plants 
that had been dark adapted for 30 min and were then exposed to 70 μmol m2 s-1 for 
several minutes followed by a dark relaxation period. (B) Plot of NPQ versus ECSt 
derived from simultaneous measurement of fluorescence and ECS DIRK. Error bars 
represent standard error (n ≥ 6). 
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Parsing the two components of pmf in kea3 

We measured both pmf components, ∆ψ and ∆pH, after 100s of illumination at 

different intensities followed by a dark period in order to determine the extended kinetics 

of ECS, as previously performed (Cruz et al., 2001). As predicted, the pmf partitioning was 

altered in the kea3 mutant under low light conditions with a 1.8-fold greater ∆pH 

compared to WT (Supplemental Figure 5, p<0.04, Student’s t-test). At the same time 

interval, the partitioning phenotype was consistent with the observed increase in transient 

Supplemental Figure 5. KEA3 modulates the partitioning of pmf. LIRK 
measurements were performed at increasing light intensities (90, 160, 310 and 
600 mol photons m2 s-1) with the lowest (A) and highest (B) light intensity ECS 
traces displayed. Insets of both (A, B) traces illustrate the ECS kinetic response 
after dark adaptation, partitioning into ΔΨ and ΔpH components of pmf. (C) Plotted 
graph representation of the fraction of pmf contributed by ΔpH for wild type (Col-0 
and WS) and kea3 (kea3-1 and kea3-2) mutants at increasing light intensities. 
Asterisks indicate the measurements that were significantly different between WT 
and kea3 (*P<0.04, Student’s t-test). Error bars represent SEM. (n=6).   
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NPQ for kea3 (Supplemental Figure 4). While under light-saturating conditions (600 and 

even 310 µmol photon m2 s-1) the ECS inverse, ∆pH component, had no difference. This data 

further supports the role that KEA3 in buffering the lumenal pH by decreasing the 

contribution of ∆pH and increasing the contribution of ∆ψ to pmf. Furthermore, the role of 

KEA3 is more apparent under low-light intensities (Supplemental Figure 5C). 

KEA3 displays lower H+ membrane conductance after MV treatment  

The pmf is controlled by ionic strength and the lumen buffering capacity (Cruz et al., 

2001), therefore, the estimations of ECSinv or ∆pH from the parsing traces performed 

(Supplemental Figure 5) could be underestimated based on the ionic strength of the 

thylakoid membrane permeable ions. As an additional evaluation, we assessed the 

partitioning of pmf upon inducing an acidified thylakoid lumen. Addition of MV acts as an 

alternative electron acceptor to PSI, offsetting the ATP/NADPH pools and presumably 

inhibiting the H+ consumption by ATP synthase. Based on the results (Supplemental Figure 

6), the kea3 has a decreased ATP synthase conductivity (gH+) (Supplemental Figure 6B) 

and recovery of H+ influx after transitioning from light to dark (Supplemental Figure 6C), 

possibly owing to higher ΔpH in kea3. This leads us to propose three possible hypotheses 

for the behavior: 1) a change in ion fluxes from alteration in thylakoid permeabilities or 

stromal/lumenal ion content; 2) an increased consumption of ATP; or 3) proton “slippage” 

or partial uncoupling of the thylakoid, where KEA3 could act as a H+/K+ antiporter coupled 

to a K+ channel i.e., TPK. 
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Discussion 

KEA3 transports protons out of the lumen in exchange for K+ and thereby we 

propose accelerates the relaxation of the energy dependent quenching mechanism (qE) 

resulting in a more rapid photosynthetic acclimation system under fluctuating light 

(Supplemental Figure 2) (Armbruster et al., 2014). The mechanism of KEA3 plays a role in 

Supplemental Figure 6. ATP synthase kinetic responses of kea3 to MV. (A) 
Averaged DIRK (𝛥A520 nm) measurements after transitioning from light to dark 
period for WT (Col-0) and kea3-1 MV treated leaves. (B) ATP synthase parameters, 
amplitude of ECS (ECSt) representative of overall pmf and the conductivity of ATP 
synthase (gH+) derived from (A) kinetics. (C) Pmf parsing response from leaves of 
both kea3 (kea3-1 and kea3-2) mutants and WT (Col-0 and WS) infiltrated with 
MV. Leaves were infiltrated with 100 mM MV and water (as the control) to 
determine the ECS kinetic responses after transitioning from light to dark. 
Asterisks indicate the measurements that were significantly different between Col-
0 and kea3-1 (*P<0.001, Student’s t-test). Error bars represent SEM. (n ≥ 4). 
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aiding plants by sensing a decrease in ΔpH and acting as a safety valve to alleviate the qE 

(Supplemental Figures 2 and 3) response to better cope with the dynamics of fluctuating 

light. This prediction agrees with the overexpressing KEA3 mutant displaying a higher φII 

compared to WT, presumably by allowing qE relaxation to occur more rapidly and thus 

decreasing excitation pressures at PSII (Armbruster et al., 2014). Furthermore, small 

concentrations (0.03 µM) of the electroneutral K+/H+ molecule nigericin rescues the qE and 

NPQ phenotype, confirming the role of the KEA3 antiporter directly influences these 

reversible photosynthetic stress responses (Armbruster et al., 2014).   

As illustrated with Supplemental Figure 4, the overall pmf or ECSt is like that of WT 

but the NPQ relationship to ECSt is elevated in the mutant, thus alleviating pressures on 

ATP synthase by increasing pmf sensitivity, also displayed in Supplemental Figure 6. The 

pmf partitioning has been proposed by previous work as a flexibility mechanism that 

alleviates pressures on ATP synthase without affecting the ATP/NADPH ratios, via ‘type II 

flexibility mechanism’ (Kanazawa and Kramer, 2002; Kramer et al., 2004a; Kramer et al., 

2004b)  

Recently, it was shown that the K+ channel TPK3 is localized to the thylakoid and 

activated by a low pH (Carraretto et al., 2013). This agrees with our third hypothesis for the 

kea3 behavior following MV infiltration (Supplemental Figure 6), where a K+ channel can be 

voltage gated and assist in alleviating the Δφ accumulated by KEA3. We believe that both, 

TPK3 and KEA3, can cooperatively modulate the proton concentration of the thylakoid 

lumen when it reaches below a critical threshold, thus acting as a safety valve. This work 

supports an added tool for photosynthetic efficiency and flexibility induced under rapid 

changes in light intensity, particularly to low-light.   
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Experimental Procedures 

Plant material and growth conditions   

Two KEA3 mutant lines were used in these studies, kea3-1 (Gabi_170G09) in the 

Col-0 background and kea3-2 (FLAG_493_C01) in the Wassilewskija (WS) background. 

Plants were grown on soil in light-controlled chambers ~100 µmol photons m2 s-1 with a 

16:8 photoperiod at 23°C. The majority of the measurements (if not noted otherwise) were 

obtained from 3-week old plants. 

Photosynthetic spectroscopic analysis 

The photosynthetic in vivo spectroscopy measurements were made on ~3 week old 

intact Arabidopsis leaves clamped into a measuring chamber. The spectrophotometer/ 

chlorophyll fluorimeter chamber made in-house with non-focusing optics using 3 different 

wavelengths (505 nm. 520 nm, and 535 nm) for deconvoluted measurements of the 

electrochromic shift (ECS) kinetics (Sacksteder et al., 2000; Sacksteder et al., 2001). Prior 

to the experiments leaves were dark adapted for 30 min. The dark interval relaxation 

kinetic (DIRK) measurements and pmf parsing trace were made by perturbing the steady-

state (70-80 µmol photon m2 s-1) with a rapid dark period ~400 ms and 45 sec, 

respectively and preventing proton efflux (Sacksteder et al., 2000; Avenson et al., 

2005).The components of pmf partitioning, ECS steady-state (∆ψ) and ECS inverse (∆pH), 

were measured as described previously (Cruz et al., 2001; Takizawa et al., 2007). The initial 

proton flux (vH+) was calculated based on the initial decay of the DIRK kinetics (Avenson et 

al., 2005; Kohzuma et al., 2009b). The ATP synthase conductivity (gH+) which is based on 

the conductivity of protons across the thylakoid membrane is calculated using the inverse 
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value of the first-order exponential decay kinetics of DIRK (Avenson et al., 2005; Kohzuma 

et al., 2009b). 

MV Infiltrations  

Infiltrations were performed using newly extracted leaves incubated on a damp 

kimwipes floating with 100 µM MV solution (and water as the control) under low light 

(~5uE) for 1 hour, similar to previous work (Livingston et al., 2010). Prior to spectroscopic 

measurements leaves were cleaned of excess solution by gently blotting with kimwipes. 
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CHAPTER 2 

MULTI-LEVEL REGULATION OF THE CHLOROPLAST ATP SYNTHASE: THE 
CHLOROPLAST NADPH THIOREDOXIN REDUCTASE C (NTRC) IS REQUIRED FOR 

REDOX MODULATION SPECIFICALLY UNDER LOW IRRADIANCE 
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Abstract 

The chloroplast ATP synthase is known to be regulated by redox modulation of a 

disulfide bridge on the γ-subunit through the ferredoxin-thioredoxin regulatory system. 

We show that a second enzyme, the recently identified chloroplast NADPH thioredoxin 

reductase C (NTRC), plays a role specifically at low irradiance.  Arabidopsis mutants lacking 

NTRC (ntrc) displayed a striking photosynthetic phenotype in which feedback regulation of 

the light reactions was strongly activated at low light, but returned to wild-type levels as 

irradiance was increased. This effect was caused by an altered redox state of the γ-subunit 

under low, but not high, light. The low light-specific decrease in ATP synthase activity in 

ntrc resulted in a buildup of the thylakoid proton motive force with subsequent activation 

of nonphotochemical quenching and downregulation of linear electron flow. We conclude 

that NTRC provides redox modulation at low light using the relatively oxidizing substrate 

NADPH, whereas the canonical ferredoxin-thioredoxin system can take over at higher light, 

when reduced ferredoxin can accumulate. Based on these results, we reassess previous 

models for ATP synthase regulation and propose that NTRC is most likely regulated by 

light. We also find that ntrc is highly sensitive to rapidly changing light intensities that 

probably do not involve the chloroplast ATP synthase, implicating this system in multiple 

photosynthetic processes, particularly under fluctuating environmental conditions.  
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Introduction 

Photosynthesis powers life by converting light energy to chemical energy that can 

be used to drive downstream chemical reactions. Simultaneously, photosynthesis 

generates potentially harmful reactive intermediates (e.g., especially ROS that can damage 

the cell) which require fine-tuning of the photosynthetic reactions to balance the efficient 

conversion of energy while allowing the organism to avoid deleterious side reactions (Apel 

and Hirt, 2004). 

The Trx regulatory system was first identified in plastids, but found in a wide range 

of biological systems (Buchanan and Wolosiuk, 1976; Montrichard et al., 2009); it is now 

recognized as a central regulatory system for photosynthesis, adjusting the activity of key 

enzymes in response to changes in the redox state of the stromal electron carriers 

(Buchanan, 1980). Trxs are thiol/disulfide oxidoreductases that contain redox active 

cysteine residues and catalyze the reversible transfer of reducing potential from the 

photosystems to regulatory thiol enzymes. In chloroplasts of higher plants there are three 

Trx isoforms:  f, m and x, all of which appear to be reduced by FTR but function with 

different sets of target enzymes (Schürmann and Jacquot, 2000; Collin et al., 2003). In the 

light, electron flow from PSI leads to reduction of Fd, which can reduce Trx via FTR and in 

turn reduce the disulfides on target enzymes. In the dark, free thiols are re-oxidized, 

possibly through the action of specific enzymes such as the chloroplastic atypical 

thioredoxin (ACHT4), reversing the regulatory processes (Eliyahu et al., 2015). 

Here we focus on the redox regulation of the chloroplast CF0-CF1 ATP synthase, 

which catalyzes the synthesis of ATP from ADP and Pi, coupled to the transfer of protons 

from the thylakoid lumen to the stroma. During photosynthesis, the light-induced pmf 
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drives the endergonic synthesis of ATP. The reaction is also reversible in the dark, forming 

a pmf from ATP hydrolysis (Junesch and Gräber, 1991a; Seelert et al., 2003). The ATP 

synthase complex is composed of two major subcomplexes: CF0 and CF1, consisting of four 

(I1, II1, III14, IV1 or a1, b2, cn in bacterial systems) and five (α3, β3, γ1, δ1 and ε1) subunits, 

respectively. The CF0 is a transmembrane complex that couples the movement of protons 

across the membrane to rotational motion, while CF1 couples this rotation to ATP synthesis 

(Groth and Strotmann, 1999; Richter et al., 2000; Seelert et al., 2003).  

The ATP synthase is regulated through the Trx system so that it is active in the light 

during photosynthesis and inactivate in the dark, presumably to prevent wasteful ATP 

hydrolysis (Ketcham et al., 1984; Hangarter et al., 1987; Junesch and Gräber, 1987).  The γ-

subunit on the CF1 subcomplex contains the regulatory cysteine residues (Cys199 and Cys205 

in Arabidopsis thaliana) (Junesch and Gräber, 1991a; Evron and McCarty, 2000; Richter, 

2004). Redox modulation of the ATP synthase operates in conjunction with an additional 

activation mechanism that involves energization by the pmf (Junesch and Gräber, 1987). 

The enzyme is latent (i.e. cannot catalyze synthesis or hydrolysis of ATP) in the absence of 

pmf, but can be activated upon application of a pmf above certain threshold values. A 

considerably higher threshold pmf is needed to activate the enzyme when the γ -subunit 

thiols are oxidized compared to reduced, leading to inactivation in the dark (Ketcham et al., 

1984; Hangarter et al., 1987; Junesch and Gräber, 1987). The rate and extent of the γ-

subunit reduction is also modulated by pmf (Ort and Oxborough, 1992; Evron and McCarty, 

2000; Hisabori et al., 2002), suggesting that reduction and activation are linked through 

common conformational changes in the γ-subunit.  
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In contrast to other thiol modulated enzymes, which tend to be incrementally 

reduced as light is varied over a broad range, ATP synthase becomes rapidly activated at 

only a few µmol photons m2 s-1, perhaps to prevent the harmful buildup of pmf during dark-

light induction of photosynthesis (Quick and Mills, 1986; Kramer et al., 1990). It was 

proposed that the prominent sensitivity is due to the relatively high (and thus more easily 

reduced) redox potential of the regulatory thiols (Kramer et al., 1990), but this proposal 

has not been directly tested. 

The NADPH-dependent thioredoxin reductase C (NTRC) is part of a related, but 

more recently discovered, chloroplast thiol-regulatory system (Serrato et al., 2004). Unlike 

FTR, NTRC uses NADPH as its reductant and appears to deliver electrons to target proteins 

via a tethered thioredoxin domain (Serrato et al., 2004). NTRC has been shown to be 

involved in a range of redox processes, including the antioxidant 2-Cys peroxiredoxin 

system, chlorophyll biosynthesis and the activation of ADP-glucose pyrophosphorylase to 

regulate starch synthesis (Lepistö et al., 2009; Michalska et al., 2009; Cejudo et al., 2012). In 

contrast to the FTR-Trx redox system, NTRC appears to primarily function in the dark or 

under limited irradiance, likely because it derives its reducing potential from NADPH, 

which can be produced independently of photosynthesis through the oxidative pentose 

phosphate pathway (Neuhaus and Emes, 2000).  

Recently, mutants lacking NTRC were found to display high NPQ responses (Naranjo 

et al., 2015; Thormählen et al., 2015; Naranjo et al., 2016). Based on our previous work 

showing that lumen pH is modulated by regulation of the chloroplast ATP synthase 

(Kanazawa and Kramer, 2002), we further investigated the possibility that NTRC is directly 

involved in the regulation of the ATP synthase and if so, under what conditions this 
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regulation is important. This hypothesis, that NTRC might regulate ATP synthase, was also 

mentioned in recent papers by (Naranjo et al., 2016; Nikkanen et al., 2016).  

Results and Discussion 

NADPH redox regulator displays strong photosynthetic phenotypes specifically under low 

light  

Figure 11 shows responses of photosynthetic parameters of wild-type (Col-0) and 

two independent Arabidopsis thaliana T-DNA knockout lines of NTRC (ntrc1 and ntrc2) to 

Figure 11. Three-day photosynthetic screen of Atntrc mutants. The screen 
consisted of three varying light regimes: constant, sinusoidal and fluctuating (A). 
Photosynthetic efficiency (φII) (B) and NPQ (C) of ntrc1 (blue), ntrc2 (grey) and Col-
0 (black). The heat maps, illustrating the photosynthetic parameters and placed 
above their respective graphs, correspond to the log-fold differences of ntrc1 and 
ntrc2 compared to Col-0. The light cycles consisted of a 16-hour light period and 8-
hour dark period where the intensities ranged from constant light (100 µmol 
photons m2 s-1), sinusoidal (39-500 µmol photons m2 s-1) and fluctuating light (39-
1,000 µmol photons m2 s-1) (n=4 and error bars represent SD). 
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three, 16-hour light regimes (Figure 11A). The light regimes consisted of: 1) constant 

irradiance of 100 µmol photons m2 s-1; 2) a sinusoidal gradient of light, mimicking a natural 

day with peak light intensity of 500 µmol photons m2 s-1; and 3) and a sinusoidal profile 

with superimposed rapid light fluctuations and light intensities as high as 1,000 µmol 

photons m2 s-1, with alternatively doubling and halving intensity every 10 min.  From 

chlorophyll fluorescence video streams, we calculated fluorescence of photosystem II (PSII) 

quantum efficiency (φII, Figure 11B) and NPQ (Figure 11C). Log2-fold changes of these 

parameters in the ntrc mutants compared to Col-0, shown in heat maps just below Figure 

11A, emphasize the comparative responses. In Col-0, photosynthetic parameters were 

relatively constant throughout continuous illumination (Figure 11B), with φII remaining at 

about 0.7, close to the maximal quantum efficiency measured in the dark (0.8 ± 0.038), and 

NPQ remained near zero, indicating very low engagement of photoprotection or 

photoinhibition. In contrast, the ntrc lines showed lower φII throughout the day, but were 

most severely affected at the earliest time points. Initially upon application of continuous 

illumination, φII for ntrc1 and ntrc2 (Figure 11B) was about half that of Col-0 (0.38 ± 0.02 

and 0.39 ± 0.03, respectively) while NPQ (Figure 11C) was substantially higher (0.85 ± 0.06 

and 0.87 ± 0.13). These effects were not caused by previous photodamage because maximal 

PSII quantum efficiency (Fv/Fm) was only marginally decreased for ntrc1 and ntrc2 

compared to Col-0 (0.77 ± 0.03 and 0.77 ± 0.02, respectively), but are consistent with a 

rate-limitation downstream from PSII, leading to buildup of ΔpH with subsequent 

activation of qE and slowing of linear electron flow (LEF) (Figure 12AB). Over the following 

6 hours of illumination, φII values for both ntrc recovered to a steady-state level of about 

0.55 (compared to 0.68 for Col-0), while NPQ decreased to levels very similar to those in 
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Col-0, indicating that the limitation in photosynthesis imposed by loss of NTRC was 

partially overcome over the course of the day.  

During the sinusoidal illumination regime, Col-0 showed typical photosynthetic 

responses to changing light. At low light, during the earliest time points, φII values were 

high (near or above 0.7), but gradually decreased as light intensity increased (reaching a 

minimum of about 0.38 at 500 µmol photons m2 s-1, near mid-day), followed by a smooth 

recovery as the light decreased at the end of the day. The NPQ responded in tandem with 

changes in light intensity, with very low levels in the morning, the highest levels at mid-day, 

and declining levels as light decreased in the evening. There was little residual NPQ at the 

end of the day, indicating that the accumulation of photoinhibition was minimal. 

Photosynthesis in both ntrc, by contrast, showed complex dependence on sinusoidal light, 

with stronger effects observed at lower light intensities, in the morning and evening. The 

differential light effects of ntrc1 and ntrc2 versus Col-0 are clearly represented in the log-

fold heat maps (Figure 11, below light regimes). Initially upon illumination, φII was 

strongly suppressed in ntrc, while NPQ was much higher compared to Col-0. Contrary to 

our expectations, however, as light was increased from ~40 to 150 µmol photons m2 s-1, φII 

increased and NPQ decreased (opposite from the behavior seen in Col-0, as demonstrated 

in the heat maps).  

Above 150 µmol photons m2 s-1, the photosynthetic parameters showed more 

classical behaviors, with φII decreasing and NPQ increasing with increased light intensities. 

The surprising “reverse dependence” of photosynthetic behaviors on light intensity 

returned in the evening as light decreased below 150 µmol photons m2 s-1, with φII 

decreasing and NPQ increasing in accordance with decreasing light intensities. Importantly, 
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neither NPQ nor φII fully recovered by the end of the day, likely indicating accumulation of 

photoinhibition.  

During fluctuating light, on day 3, the differences in φII and NPQ between Col-0 and 

the ntrc mutants at low light were similar to those seen during sinusoidal illumination. 

However, the fluctuations at higher light induced stronger effects in the ntrc on both φII 

and NPQ that appeared to accumulate over the day and persisted, even as the light intensity 

decreased at the end of the day, likely reflecting strong accumulation of PSII 

photoinhibition. Agreeably, increased photoinhibition is anticipated for mutants lacking 

NTRC particularly under fluctuating and demanding light conditions, since NTRC is an 

efficient reductant for 2-Cys peroxiredoxins, a chloroplast antioxidant system (Pérez-Ruiz 

et al., 2006). These results indicate that NTRC affects photosynthesis at both low light and 

high or fluctuating light, but probably through different mechanisms. 

The low light effects of ntrc are attributable to altered ATP synthase activity at low light 

We then performed more detailed photosynthetic measurements on attached leaves 

using the IDEAspec kinetic spectrophotometer/fluorimeter, to better understand the 

mechanistic bases of the observed effects. Consistent with the results obtained from the 

imaging system, the extents of NPQ, in this case the energy-dependent NPQ component, qE, 

were over 8-fold higher in ntrc compared to Col-0 at irradiance ≤ 120 µmol photons m2 s-1 

(Figure 12B), but the difference largely disappeared at irradiance above ~300 µmol 

photons m2 s-1. These results likely indicate that at low (but not higher) light the thylakoid 

lumen in the mutants became strongly acidified, triggering qE and slowing LEF.  Consistent 
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with this interpretation, we observed a strong increase in light-driven thylakoid pmf, as 

measured by the total electrochromic shift amplitude (ECSt) parameter, in both ntrc1 and 

ntrc2 under low, but not high, irradiances (Figure 12C).  There were some quantitative 

differences between ntrc1 and ntrc2, with the former showing increased qE and ECSt 

(compared to Col-0) that persisted over higher irradiance.  

Figure 12. The relationship between light intensity-dependence and 
photosynthesis. The photosynthetic parameters tested were LEF (A), qE (B), total 
amplitude of the electrochromic shift (ECSt) (C) and the conductivity of ATP synthase 
(gH+) (D). Col-0 (black), ntrc1 (blue) and ntrc2 (grey) measurements were taken from 
attached leaves (n≥3 and error bars represent SD). The inset heat maps represent the 
log-fold differences of ntrc1 (top row) and ntrc2 (bottom row) in relation to Col-0. 
Statistically significant differences to Col-0 are denoted with an asterisk (P values 
<0.05, as calculated by Student’s t-test). 
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Linear electron flow (LEF) was lower in both ntrc lines compared to Col-0 at all 

irradiances, but significantly different (p < 0.005, Student’s t-test) for both mutants at 

lower light intensities (Figure 12A). In ntrc1, LEF nearly recovered to wild type rates at 

above 300 µmol photons m2 s-1, whereas in ntrc2, the suppression of LEF continued over 

higher light intensities (Figure 12A, and inset heat maps expressing the log-fold difference 

of LEF in ntrc1 and ntrc2 versus Col-0), suggesting that the two alleles had different 

secondary effects at high light (see also Conclusions).  

Increased thylakoid pmf can, in principle, be caused by either increased proton flux 

into the lumen from LEF or cyclic electron flow (CEF), or decreased proton efflux by 

slowing the chloroplast ATP synthase (Kanazawa and Kramer, 2002). The rate of light-

driven proton flux, estimated using the ECS decay parameter (νH+), closely mirrored 

changes in LEF throughout the experiments (see Appendix, Supplemental Figure 7), 

implying that neither increased LEF nor increased CEF could explain the elevated pmf. On 

the other hand, the conductivity of the thylakoid membrane to proton efflux (gH+) (Figure 

12D), which is primarily controlled by the activity of the chloroplast ATP synthase 

(Kanazawa and Kramer, 2002), was strongly suppressed (2-4-fold) in ntrc1 and ntrc2 

compared to Col-0 at low light (≤100 µmol photons m2 s-1), but  indistinguishable at higher 

light (as demonstrated in the inset heat map). The pmf (ECSt) behavior was quantitatively 

reproduced by considering effects of LEF on gH+ (Supplemental Figure 7), implying that 

changes in ATP synthase activity, by itself, could account for the low light phenotypes in 

ntrc. Moreover, the light intensity-dependence of the photosynthetic effects (expressed as 

log-fold differences between ntrc and Col-0, Figure 12 insets) were similar for all 

parameters, where the strongest effect was specifically at lower irradiance. These results 
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suggest that decreased ATP synthase activity at low light led to increased pmf and 

acidification of the lumen, subsequently activating qE and slowing of LEF. Thus, we 

hypothesize that NTRC is essential for regulation of the ATP synthase, specifically at low 

light.  

The ntrc mutants display altered redox regulation of the chloroplast ATP synthase   

To test whether NTRC is involved in the redox regulation of the ATP synthase, we 

probed its activation and de-activation using flash-induced relaxation kinetics (FIRK) of the 

ECS signal, which was previously shown to reflect redox- and pmf-modulation of the γ-

subunit thiols (Kramer and Crofts, 1989; Kramer et al., 1990). The excitation flashes were 

kept at low intensity to minimize the buildup of pmf or the reduction of Fd that could lead 

to the activation of the ATP synthase. Fully dark-adapted leaves showed very slow ECS 

decay kinetics (lifetime of about 800 ms, see Appendix), consistent with inactive ATP 

synthases containing oxidized γ-subunit. Pre-exposure of Col-0 plants, even to very low 

light intensity (10 µmol photons m2 s-1), resulted in rapid ECS decay (lifetime of about 20 

ms, Supplemental Figure 8) indicating activation of the ATP synthase.  

To assess the redox effects on the γ-subunit of ATP synthase, FIRK measurements 

were taken at specific time points in the dark following a short pre-illumination of 10, 100 

and 300 µmol photons m2 s-1. As expected, the rapid ECS decay kinetics persisted for at 

least 10 min in the dark (Figure 13C, for Col-0), whereas pre-illumination-induced 

increases in the pmf under the oxidized state should have decayed in about 2 min (Kramer 

and Crofts, 1989), implying that the increased ATP synthase activation was most likely 

caused by reduction of the γ-subunit regulatory thiols. The γ-subunit re-oxidation kinetics, 

as reflected in the slowing of the flash-induced ECS signal (Supplemental Figure 8 and 
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Figure 13), showed characteristic sigmoidal kinetics, with a lag phase that increased with 

the intensity of the pre-illumination (Figure 13); this followed a recovery phase with a half-

time of about 12 minutes, nearly identical to that seen previously (Kramer and Crofts, 

1989; Kramer et al., 1990).  

The FIRK responses in ntrc were distinct from those in Col-0 (Figure 13), showing a 

strong dependence on pre-illumination intensity. The decay kinetics in ntrc immediately 

after pre-illumination were just as rapid as Col-0 (lifetime of about 20 ms); however, the 

response to dark adaptation were much more immediate, especially at low irradiance with 

a halftime of about 3 min (Figure 13A). This suggest that the weak pre-illumination (10 

µmol photons m2 s-1) activated ATP synthase by building up the thylakoid pmf (which 

decays on the time scale of a few min), rather than the reduction of the γ-subunit thiols. At 

higher pre-illumination intensities (Figures 13B and 13C), the ECS decay kinetics remained 

rapid (active) at a longer time scale compared to pmf dissipation, signifying that ATP 

synthase was activated by reduction. However, the de-activation kinetics of the ntrc 

mutants were much shorter when compared to Col-0, suggesting that the γ-subunit redox 

state equilibrates with a much smaller pool of reductants. We thus propose a model for 

ntrc, where the normal redox equilibrium between the γ-subunit thiols and NADPH pool is 

blocked, but at high light, the reduction of thiols can occur via a smaller pool of reductants 

(i.e., Trxs). 
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Figure 13. Mis-regulated relaxation kinetics of ATP synthase in Atntrc. 
Effects of dark re-adaptation on the decay kinetics of a flash-induced ECS (FIRK) 
take at 520 nm. Plants were pre-illuminated for 3 min at 10 (A), 100 (B), or 300 
µmol photons m2 s-1 (C) and measurements were made upon dark adapting >26 
minutes. The FIRK decay kinetics represent averaged (n≥3) measurements 
normalized for Col-0 (black), ntrc1 (blue) and ntrc2 (grey) at increasing dark 
period (error bars represent SEM). The lifetime for fully dark-adapted leaves was 
~800 ms. Statistically significant differences to Col-0 were calculated at each 
time point and denoted with an asterisk (P values <0.05, as calculated by 
Student’s t-test). 
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Altered γ-subunit redox state under low irradiance in ntrc  

To test our redox model we probed the light-induced changes in γ-subunit of ATP 

synthase redox state using 4-acetamido-4’-maleimidylstilbene-2,2’-disulfonate (AMS) 

labeling followed by SDS-PAGE and immunodetection (Konno et al., 2004). Experiments 

were performed under the sinusoidal day conditions described in Figure 11, with 

simultaneous measurements of φII (see representative images in Figure 14, left panel) and 

the γ-subunit redox state (Figure 14, right panel). Figure 14 (right panel) shows photo-

reduction patterns of both ntrc lines and Col-0 under increasing light intensities. Consistent 

with previous, the ATP synthase in wild type plants is activated at relatively low light 

intensity (Kramer and Crofts, 1989; Yoshida et al., 2014), essentially all of the γ-subunit in 

Col-0 were reduced at 40 µmol photons m2 s-1 and above. In contrast, ATPC1 from ntrc1 

and ntrc2 remained partially oxidized even at light intensities as high as 120 µmol photons 

m2 s-1, but fully reduced at 500 µmol photons m2 s-1, closely paralleling the observed ATP 

synthase activity assays seen in Figures 12D and 13. These results are consistent with the 

ECS decay kinetics (Figure 13) and directly implicate the involvement of NTRC in 

modulating the reduction of ATP synthase at lower light intensities.   
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NTRC is not responsible for “metabolism-related” regulation of the ATP synthase 

It has been proposed that, in addition to the established redox and pmf regulation, 

ATP synthase is regulated in response to metabolic status, e.g. in response to CO2 levels or 

environmental stresses (Kanazawa and Kramer, 2002; Kohzuma et al., 2009; Kohzuma et 

al., 2013).  The mechanism of this secondary regulation is unknown, though it has been 

proposed to involve substrates (e.g. inorganic phosphate) or metabolic intermediates 

(Kanazawa and Kramer, 2002; Kohzuma et al., 2013). To test whether NTRC is involved in 

this “metabolism-related” regulation, we assayed the effects of varying irradiance and CO2 

levels on ATP synthase activity, probed using the gH+ parameter (Figure 15A) and NPQ 

(Figure 15B). The mutants required much higher light intensities (200 and 100 µmol 

photons m2 s-1 for ntrc1 and ntrc2, respectively compared to 55 µmol photons m2 s-1 for 

Figure 14. Analyzing the redox state of CF1-ATP synthase in vitro using AMS. 
Near simultaneous in vivo chlorophyll fluorescence imaging was performed at 
increasing light intensities prior to quenching the redox state of CF1-ATP synthase. 
The chlorophyll fluorescence measurement (left panel) indicated decreased levels of 
φII for duplicates of both ntrc1 (top row) and ntrc2 (middle row) compared to Col-0 
(bottom row) at 40 µmol photons m2 s-1. Upon confirming φII levels at designated 
light intensities (40, 80, 120, and 500 µmol photons m2 s-1), leaves were extracted 
and quenched with AMS, as described in materials and methods. Following AMS-
labeling, samples were visualized by SDS-PAGE and probed using ATPC1 antibody, 
specific for γ-subunit of ATP synthase (right panel). The light and dark controls, 
right, demonstrate the wild-type redox shift. The same immunoblot was probed 
with Tic110 antibody to show the relative protein amount, bottom of right panel. 
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Col-0) to achieve maximal gH+. However, in all but the lowest light intensities, for both ntrc 

and Col-0, lowering the levels of CO2, 50 ppm (filled symbols) versus 1,000 ppm (open 

symbols), resulted in decreases of gH+ (Figure 15A), with concomitant increases in the NPQ 

responses (Figure 15B), indicating that NTRC is most likely not responsible for 

metabolism-related regulation of ATP synthase.  

Figure 15. Effects of CO2 levels on ATP synthase activity. Measurements were 
taken at atmospheric CO2 levels and increasing light intensities. ATP synthase 
activity was probed by ECS decay kinetics through the gH+ parameter (A) and NPQ 
(B) using standard chlorophyll a fluorescence assays, as described in Materials and 
Methods. Col-0 (black), ntrc1 (blue) and ntrc2 (grey) were exposed to increasing 
irradiance, from 0 to 300 µmol photons m2 s-1, with 50 (filled symbols) and 1,000 
ppm atmospheric CO2 (open symbols). Data is for attached leaves with n=3-4 and 
error bars represent SEM. 
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Conclusions 

NTRC modulates the chloroplast ATP synthase specifically at low light  

The ATP synthase is perhaps the most rapidly light-activated thiol-modulated 

enzyme in the chloroplast (Kramer and Crofts, 1989; Kramer et al., 1990). The previous 

model proposed that this redox modulation occurred through the FTR-Trx system, and that 

its unusual redox behavior could be explained by the relationship of the redox midpoint 

potential of the γ-subunit thiols with respect to the large NADPH redox buffering pool 

(Kramer et al., 1990; Ort and Oxborough, 1992). Our results challenge this model, showing 

that the low-light behavior is highly dependent on NTRC. Our results are consistent with 

those of recent work from Naranjo et al. (2106) who showed a direct effect of NADPH and 

NTRC on ATP synthase activity in vitro. The present study shows that the rapid and highly 

sensitive redox modulation of ATP synthase was lost in ntrc1 and ntrc2 (Figures 13 and 

14), resulting in the suppression of ATP synthase activity specifically at low light (Figure 

12D), leading to high pmf, lumen acidification (Figure 12C), elevated qE (Figures 11C and 

12B), and suppression of LEF (Figure 12A). Together with Naranjo et al. (2016), our 

findings warrant a significant revision of the canonical model for ATP synthase redox 

modulation. 

The effects of ntrc on all these processes were observed specifically at irradiance 

lower than 100-150 µmol photons m2 s-1 (as illustrated in the log-fold heat maps from 

Figures 11 and 12) but most (see below) of these effects were reversed at higher light, 

implying the participation of two separate redox regulatory systems for ATP synthase. 

Most likely, NTRC is responsible for the modulation at low light, while the canonical FTR-

Trx system operates at higher light. Such parallel ‘dual mode’ light modulation of ATP 
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synthase, can also explain the transient NPQ response specifically induced upon the 

transition from dark to low-light (Kalituho et al., 2007). The increased transient qE 

response dissipates in less than 150 seconds, which was attributed to the consumption of 

ATP and NADPH by light-activated reactions, i.e., Calvin-Benson-Bassham cycle (Slovacek 

and Hind, 1981; Horton, 1983). However, it is also plausible that the low light increase of 

the NADPH pool is depleted by reducing NTRC and results in the rapid activation of ATP 

synthase. 

Evidence for secondary regulation of the NTRC-related redox modulation 

The ntrc mutants also show more rapid, and less sigmoidal, ATP synthase 

inactivation kinetics in the dark (Figure 13), likely reflecting a loss of redox equilibration 

between the γ-subunit thiols and the large stromal pool of NADPH (Kramer and Crofts, 

1989; Kramer et al., 1990). This is consistent with the enzymology of NTRC (Spínola et al., 

2008; Cejudo et al., 2012), in which electrons are transferred from the relatively high 

potential (compared to Fd) NADPH pool to disulfide pairs on target enzymes. The 

availability of electrons from NADPH (both in the light and dark) (Usuda, 1988) would 

allow NTRC to rapidly activate ATP synthase, particularly at low light (Kramer et al., 1990).  

In contrast, the FTR system requires higher light intensities to substantially produce the 

more reducing Fd. The sigmoidal re-oxidation behavior (Supplemental Figure 8 and Figure 

13) was previously recognized as reflecting the equilibration of γ-subunit redox state with 

a large redox buffering pool (Kramer et al., 1990), and this model is supported by the fact 

that the sigmoidicity is altered in ntrc, as expected if the pool of reductants in equilibrium 

with the γ-subunit was altered.  
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However, the fact that NTRC appears to act as a conduit for equilibration of the 

NAPDH pool with the γ-subunit may lend credibility to an alternative model where NTRC is 

regulated at a secondary level. According to work from several labs (Stitt et al., 1982; Heber 

et al., 1986; Heineke et al., 1991), the NADPH redox state is relatively constant under 

steady state conditions, varying little between light and dark conditions, with the exception 

of rapid fluctuations in light (Foyer et al., 1992). Indeed, work from Thormählen et al. 

(2015) demonstrates that NADPH pool can be further reduced after extensive dark 

acclimation compared to steady-state illumination, and this effect is greater in ntrc. With a 

constitutively active NTRC and given the range of reported redox potentials for the γ-

subunit thiols, ranging from -270 mV to -327 (at pH 7.0) (Kohzuma et al., 2013; Kohzuma et 

al., 2012; Wu et al., 2007; Kramer and Crofts, 1989), we would expect ATP synthase to 

remain partly reduced in the dark, at odds with our (Figure 14) and other (Ort & 

Oxborough 1992; Hisabori, Konno, Ichimura, Strotmann & Bald 2002) observations. We 

thus propose a model where NTRC is, itself, modulated between light and dark conditions. 

In the ‘active’ state, NTRC would allow for equilibration of the NADPH pool with the γ-

subunit, but in the dark, NTRC would be inactivated, resulting in the inactivation of the ATP 

synthase. Thus, this model thus explains the perplexing issue whereby the γ-subunit tends 

to be oxidized after prolonged dark acclimation, despite that the NADPH pool has been 

shown to be partly reduced. Although this model is currently speculative, it could also 

explain the sigmoidal oxidation kinetics, by allowing for a time-dependent inactivation of 

NTRC in the dark would explain the lag phase in ATP synthase re-oxidation.  

We also tested the hypothesis that, by connecting the NADPH redox state to ATP 

synthase, NTRC may contribute for the “metabolism-related” regulation of ATP synthase 
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that occurs at low CO2 levels or in certain metabolic mutants (Gabrys et al., 1994; 

Kanazawa and Kramer, 2002; Kohzuma et al., 2013). However, in our experimental 

conditions with varying CO2 levels showed that, while NTRC alters the low light activation 

of ATP synthase, it does not affect secondary regulation in response to changing CO2 levels 

(Figure 15). These results are also consistent with recent findings on the photosynthetic 

efficiency of NTRC mutants as a function of CO2 fixation with similar responses of 

deficiencies, specifically under low-light, while improvements of CO2 assimilation rates 

were accounted for in the NTRC overexpression lines (Pérez-Ruiz et al., 2006; Nikkanen et 

al., 2016).  Thus, these observations support earlier work on ATP synthase mutants 

(Kohzuma et al., 2013), showing that redox- and metabolism-related ATP synthase 

regulation occur through distinct mechanisms.  

Studies on ntrc null mutants have been reported to have effects on photosynthetic 

metabolism and are especially pronounced at low light (Pérez-Ruiz et al., 2006; Naranjo et 

al., 2015; Thormählen et al., 2015; Nikkanen et al., 2016). Our results, showing a highly 

distinct low-light effect on ATP synthase suggest that some of these effects may be caused 

by, or accentuated by lack of activation of the chloroplast ATP synthase, which in turn could 

affect chloroplast metabolism by modulating the availability of inorganic phosphate and 

the ratio of ATP-ADP (Kiirats et al., 2009). A growing body of work implicates NTRC in 

regulation of a range of chloroplast enzymes, from assimilation (Lepistö et al., 2009; Cejudo 

et al., 2012), starch biosynthesis (Michalska et al., 2009; Lepistö et al., 2013) and oxidative 

damage (Serrato et al., 2004; Pérez-Ruiz et al., 2006), as well as playing a cooperative role 

with the canonical chloroplast thioredoxin redox regulator. Studies on double mutants of 

ntrc with Trx-f1, exhibited effects in regulating the Calvin-Benson-Bassham cycle activity 
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(Supplemental Figure 1), specifically affecting FBPase and AGPase activity along with 

impairments in NAPH-NADP+ and ATP-ADP ratio (Thormählen et al., 2015; Nikkanen et al., 

2016).  

Such effects, beyond those on the ATP synthase, may account for the decreases in 

LEF at higher light (Figure 12A), which cannot be explained by redox modulation of the 

ATP synthase. Contrary to recent speculations regarding the lack of involvement of NTRC 

in relation to high-light stress (Toivola et al., 2013; Naranjo et al., 2016), both ntrc lines 

showed strong photo-inhibition at high light following rapid fluctuations in light intensities 

(Figure 11C). Under the above-mentioned conditions, ATP synthase is expected to be fully 

reduced, implying that NTRC is involved in processes beyond the modulation of the ATP 

synthase that are critical for maintaining photosynthetic efficiency and resilience. The 

photo-inhibitory responses, especially under rapidly fluctuating light conditions, may be 

related to the proposed role of NTRC in ROS detoxification through 2-Cys Prx system 

(Pérez-Ruiz et al., 2006).  
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Experimental procedures 

Plant and growth conditions  

Arabidopsis thaliana wild-type (ecotype Columbia-0) and two alleles of NTRC 

(At2G41680) T-DNA knockout lines (SAIL_115_E08: ntrc1 and SALK_114293: ntrc2), were 

obtained from the Arabidopsis Biological Resource Center (USA) and identified by PCR 

analysis (Alonso et al., 2003). Both alleles were confirmed previously (Lepistö et al., 2009; 

Chae et al., 2013) and had similar phenotype to the first identified ntrc (SALK_012208) 

mutant (Serrato et al., 2004). Plants were grown on soil for a 16:8 day-night cycle in 

growth chambers with 125 μmol photons m2 s−1 for 3-4 weeks.  

Chlorophyll fluorescence imaging  

In situ chlorophyll fluorescence imaging was performed in plant growth chambers 

(Bigfoot FLXC-19, Biochambers, Winnipeg, Canada; or Percival AR41L2, Geneva Scientific, 

http://www.geneva-scientific.com) outfitted as Dynamic Environment Photosynthesis 

Imager (DEPI) (Kramer et al., 2015). For large-scale screening, plants were typically 

assayed after 16-18 days of growth under standard conditions, as described above. 

Processing was performed using custom software developed in the laboratory and based 

on, ImageJ (http://rsbweb.nih.gov/ij/) to produce images of maximum photosynthetic 

efficiency of PSII (Fv/Fm), quantum yield of photosynthesis (φII), linear electron flow (LEF), 

non-photochemical quenching (NPQ) and its derivatives (qE and qI) for a three-day 

different light cycle. The light regimes consisted of a 16:8 photoperiod with the light 

intensities ranging from flat (100 µmol photons m2 s−1), sinusoidal (0-500 µmol photons m2 

s−1) and fluctuating (0-1,000 µmol photons m2 s−1). 

http://www.geneva-scientific.com/
http://rsbweb.nih.gov/ij/
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In vivo spectroscopy assays  

Individual plants were non-invasively assayed for photosynthetic parameters using 

the integrated diode emitter array spectrophotometer/fluorimeter (IDEAspec) (Hall et al., 

2013). Attached Arabidopsis leaves from 3-4 week-old plants were dark-adapted for 30 

minutes prior to measurements and kept humid by bubbling room air (~372 ppm 

CO2/21% O2) through water onto the leaves. Chlorophyll a fluorescence measurements 

yield information on the photosynthetic parameters described above by using a 

compilation of ≥10 individual fluorescence traces and either blue-green light (505nm) for 

measuring pulses and/or red light (625nm) for actinic and saturation pulses. The sequence 

of the saturation pulses and measurements made yield information on the dark-adapted, 

steady-state and dark-recovery state of the photosynthetic parameters, mentioned above. 

Estimates on ATP synthase parameters were also calculated based on the dark 

interval relaxation kinetics (DIRK) derived from the absorbance changes of the 

electrochromic shift (ECS) (Sacksteder et al., 2000; Sacksteder and Kramer, 2000). A 

deconvolution of three wavelengths: 505 nm, 520 nm, and 535 nm, was used in sequence 

with a light-dark transition to derive information on the initial flux of H+ (νH+) across the 

thylakoid membrane, overall pmf, also termed ECSt, and the conductivity of ATP synthase 

(gH+) derived from the time constant of the ECS decay (Cruz et al., 2001a). 

Estimates of ATP synthase re-oxidation by FIRK  

A flash-induced relaxation kinetic (FIRK) measurement was made based on the ECS 

at 520 nm, as described previously (Kramer and Crofts, 1989; Kramer et al., 1990). Intact 

leaves were pre-illuminated at three different light intensities: 10 µmol photons m2 s−1, 100 

µmol photons m2 s−1 and 300 µmol photons m2 s−1, for 3 minutes followed by a dark-
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adaptation period (0-26 min). The activity was monitored by applying short (100 µs) non-

saturating flashes to generate a thylakoid pmf and measure the time constants of the ECS 

decay rate at 520 nm using a first-order exponential curve fit (Kramer and Crofts, 1989; 

Morita et al., 1982). The time constants (τ) of the individual ECS curves were measured at 

increasing dark period to estimate the rate of re-oxidation of the thiols on the γ-subunit of 

ATP synthase (Kramer and Crofts, 1989; Kramer et al., 1990; Morita et al., 1982). The mean 

values (n≥3) were normalized to the maximum value to better compare the redox 

differences between samples. 

AMS Labelling and Protein Work  

The redox state of CF1 ATP synthase was probed using 4-acetamido-4’-

maleimidylstilbene-2,2’-disulfonate (AMS), resulting in a MW redox shift based the 

covalent binding of AMS to the reduced thiols, as described previously with some 

modifications (Motohashi et al., 2001; Kohzuma et al., 2012). Upon confirming the 

photosynthetic phenotypes using DEPI, the redox states were quenched by freezing leaves 

in liquid nitrogen followed by grinding and 10% trichloroacetic acid treatment. Protein 

precipitates were washed twice in ice-cold acetone solution, centrifuged at maximum 

speed for 10 minutes in room temperature and pellets were resuspended in AMS labelling 

solution (1% SDS, 50mM Tris-HCl, pH 8.0 and 15mM AMS). Protein amounts were 

estimated using a Bradford assay (Bio-Rad) and separated with non-reducing 12% SDS-

PAGE. Proteins were transferred onto polyvinylidene difluoride (PVDF) membrane 

(Invitrogen) and probed with anti-ATPC1, a CF1-specific ATP synthase antibody (Agrisera), 

as described in(Livingston et al., 2010). The membranes were incubated with anti-rabbit 

conjugated to alkaline phosphatase (AP) (KLP,Inc) at 1:5,000 dilution for 1 hour in 
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5%DM/TBST.  The blots were developed using a standard AP detection system with 

BCIP/NBT as substrates (Sigma). 
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Supplemental Figure 7. Consistent proton and electron reactions in ntrc. The 
relationship between LEF and light-driven proton flux (νH+) across the thylakoid 
membrane and light-induced pmf versus pmf generated by LEF alone. Chlorophyll a 
fluorescence and ECSt measurements were taken, as described in Materials and 
Methods, to calculate the steady-state proton flux into the lumen (νH+) (A), light-
induced pmf (ECSt) and LEF. From this data, we estimated pmfLEF (i.e., pmfLEF= 
LEF/gH+) in relation to ECSt (B). Col-0 (black), ntrc1 (blue) and ntrc2 (grey) 
measurements were taken from attached leaves (n≥3) and error bars represent 
SEM.  
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Supplemental Figure 8. ATP synthase kinetic response to light. Flash-induced 
relaxation kinetics (FIRK) response upon dark re-adaptation using intact 
Arabidopsis Col-0 leaves. The 520 nm FIRK response depicts the ATP synthase 
kinetics after dark adapting plants that were pre-illuminated for 3-min at very low 
light intensities (10 µmol photons m2 s-1). The red trace is the rapid response 
following 1 min dark adaptation and black trace is after dark adapting >30 min. 
The FIRK decay kinetics represent averaged (n≥3) measurements for Col-0 with 
error bars representing SEM. 
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Abstract 

Efficient and sustainable oxygenic photosynthesis requires the fine balancing of 

energy storage in the forms of ATP and NADPH to match the needs of metabolism. Several 

mechanisms, e.g. cyclic electron flow and the Mehler reaction (water-water cycle), have 

been proposed to alleviate imbalances between the production and consumption of ATP 

and NADPH. However, these mechanisms assume a closed adenylate system and fail to 

account for cytoplasmic flux. Early work suggested that exchange of ATP and ADP between 

the chloroplast and cytoplasm were slow, and thus the compartments likely have 

functionally independent adenylate pools; at least in the shorter time scale (i.e., under 

fluctuating light intensities), thus requiring a self-contained photosynthetic regulatory 

system. This view appeared to be consistent with work on mutants defective in expression 

of the chloroplast ATP/ADP+Pi nucleotide triphosphate transporters (NTT1 and NTT2), 

which suggested that these transporters function mainly in supplying energy to the 

chloroplast at night when photosynthesis is inactive. Surprisingly, our results show that 

isolated intact chloroplasts of spinach and Arabidopsis could export ATP almost as rapidly 

as intact thylakoids. We propose that the observed export was not caused by disruption of 

the chloroplast envelope, but represents a capacity for ATP/ADP transport that is within a 

factor of the maximal ATP synthesis rate. Expression analyses showed residual expression 

of both ntt1 and ntt2 in the individual and double mutant lines. Further segregation 

analysis showed that a complete (double-mutant) null line is lethal, presumably at 

germination, as seeds fail to grow. However, the leaky double knockdown mutant 

(NTTdKD) shows slower rates of ATP export from the chloroplast compared to the wild 

type, suggesting a role for NTT in this process. A closer examination of the photosynthetic 
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properties of NTTdKD line in Arabidopsis show substantial phenotypes, particularly under 

rapid fluctuating light conditions, which result in lowering of chloroplast ATP synthase 

activity, buildup of thylakoid proton motive force (pmf) and activation of the qE response. 

Overall, these results suggest that NTT, in addition to supplying ATP at night, may help to 

balance the ATP/NADPH by connecting the stromal and cytosolic ATP pools.  
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Introduction 

The compartmentalization of metabolic networks within cellular compartments 

allows for the communication among evolutionarily-distinct organelles, or the 

establishment of local environments optimized for specialized functions. The essential 

components that allow these compartments to function in this manner include highly 

selective, transport of metabolites, ions, and signaling molecules, across their membranes 

(Weber and Fischer, 2007). 

The chloroplast is also enclosed by two distinct membranes or “envelopes.” The 

outer envelope contains pore-forming proteins and is considered highly permeable to 

small molecules (<10kDa) (Flügge and Benz, 1984); while the inner envelope membrane 

contains a large number of transporters specific for substrates that are required to 

maintain distinct metabolic pools both in the chloroplasts and the cytoplasm (Heldt and 

Sauer, 1971; Neuhaus and Wagner, 2000; Flügge et al., 2011). The control of metabolic flow 

across these compartments may thus allow for the fine-tuning of local environments (e.g., 

pH, ionic balance, the presence or absence of certain chemical species) while avoiding the 

release of potentially toxic intermediates (Noctor and Foyer, 2000; Kramer and Evans, 

2011). Balancing the requirement to control and compartmentalize processes is equally as 

important as the rapid and efficient flux of metabolites. In the case of photosynthesis, this 

balancing also requires that the ratio of ATP and NADPH produced during photosynthesis 

must perfectly match the needs of metabolism. The light-driven reactions of 

photosynthesis linear electron flow (LEF) produces a fixed stoichiometry of ATP and 

reductant (NADPH) insufficient to meet the demand necessary for carbon assimilation 

under static conditions alone (Allen, 2002). Given the relatively low pool sizes for these 
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energy carriers, and the high rates of energy flowing through them, even a small imbalance 

will lead to the accumulation of one form or another, causing metabolic congestion (Noctor 

and Foyer, 2000).  

It has been generally assumed that the exchange of ATP and ADP across the 

chloroplast envelope is quite slow. This view came from early transport studies that 

suggested the chloroplast envelope had very low nucleotide exchange capacity (~5 µmoles 

per mg Chl-1 hr-1) (Heldt, 1969; Stitt et al., 1982; Kampfenkel et al., 1995; Neuhaus et al., 

1997). This led to the view that the chloroplast inner envelope nucleotide triphosphate 

transporter (NTT) mainly functions as an ATP importer, providing energy when 

photophosphorylation inactive, thus maintaining metabolic reactions in darkness (Heldt, 

1969; Schunemann et al., 1993; Neuhaus et al., 1997). 

On the other hand, studies of metabolites in plant cell compartments suggest that 

the adenylate status of the chloroplast stroma and cytoplasm are highly synchronized in 

response to rapid changes in light intensity and CO2 levels (Santarius et al., 1964; Heber 

and Santarius, 1970; Heber, 1974; Flügge and Hinz, 1986). It has also been shown that 

disrupting mitochondrial respiration directly effects plastid ATP/NADPH levels (Bailleul et 

al., 2015), suggesting energetic communication or crosstalk between chloroplast and 

mitochondria.  

A truly isolated chloroplast adenylate pool thus implies that not only must the 

photosynthetic “energy budget” be balanced by adjusting processes within the chloroplast, 

but also coordinated to that of the rest of the cell. Several, non-exclusive, processes have 

been proposed to balance the ATP/NADPH production and consumption ratio, including: 1) 

alternative electron transport processes in the chloroplast, such as cyclic electron flow 
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(CEF), the water-water cycle, and the plastid terminal oxidase that can modulate the output 

of ATP and NADPH to meet demand (Cruz et al., 2005; Eberhard et al., 2008; Kramer and 

Evans, 2011); 2) Malate valve, in which reducing equivalents are exported from the 

chloroplast through the exchange of malate and oxaloacetate, allowing production of ATP 

by oxidative phosphorylation in the mitochondrion (Flügge and Heldt, 1991; Scheibe, 

2004). How these processes could be regulated to maintain both the stromal and cytosolic 

adenylate pools is not known, but could involve metabolic exchange or inter-organelle 

signaling, similar to the proposed anterograde and retrograde signaling processes 

(Eberhard et al., 2008). 

In our recent work on CEF (described below), we serendipitously found evidence 

for much more rapid exchange of ATP and ADP across the chloroplast envelope, leading us 

to re-evaluate the isolated adenylate pool model. The exchange of ATP and ADP across the 

chloroplast envelope, a question that has been studied for some decades, at a very 

interesting time in bioenergetics, when many groups were making big strides by 

comparing the energy coupling of mitochondrial oxidative phosphorylation with that of 

photosynthesis. Mitochondria generate ATP and export through the ATP/ADP carrier 

protein (AAC). AAC catalyzes the electrogenic exchange of ATP for ATP (see review by 

(Klingenberg, 2008). Inorganic phosphate (Pi) is transported through a separate Pi carrier 

in its neutral (protonated form). Both these reactions are driven forward towards ATP 

export and Pi import by coupling to the electric potential across the membrane, fulfilling 

the role of supplying energy to the cell. 

In contrast, the chloroplast expresses an evolutionarily distinct system, NTT (Reiser 

et al., 2004), with high sequence similarity (>66%) to the ATP/ADP transporters of obligate 
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intracellular parasites, including Rickettsia prowazekii and Chlamydia psittaci (Winkler, 

1976; Hatch et al., 1982; Kampfenkel et al., 1995; Möhlmann et al., 1998; Neuhaus and 

Winkler, 1999), where they parasitically extract energy from other organisms (Trentmann 

et al., 2008). The NTT transporters are thought to catalyze an electroneutral exchange of 

ATP for both ADP and Pi (Trentmann et al., 2007). The lack of coupling to the membrane 

potential implies that, energetically, the NTT reaction should be reversible, perhaps acting 

to supply ATP to the chloroplast with ATP under some conditions, but export it under 

others. The ATP/ADP transport kinetics of the pathogenic bacteria, as well as for the 

chloroplasts NTT, are highly Pi-dependent and required as a co-substrate with ADP for 

optimal exchange of ATP (Trentmann et al., 2008), consistent with the NTT electroneutral 

mode of exchange.  

In Arabidopsis thaliana there are two isoforms of NTT- NTT1 and NTT2, that share 

nearly identical structural and functional properties, but previous work suggested that 

NTT2 has a more prominent role given that ntt2 knockout mutants display stronger effects 

than ntt1 on plant development (Neuhaus et al., 1997; Tjaden et al., 1998; Reiser et al., 

2004). Although NTT is electroneutral, transport studies using spinach have classified it 

mainly as an ATP importer, providing energy when photophosphorylation is inactive, thus 

maintaining metabolic reactions in the dark. However, many of the earlier studies failed to 

account for integral components required for optimal exchange, e.g., the co-substrate, Pi 

was excluded, possibly resulting in erroneous interpretations (Heldt, 1969; Stitt et al., 

1982).  

While performing controlled experiments to assess the mechanisms of CEF we 

serendipitously found evidence for much higher rates of ATP exchange across the 
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chloroplast envelope. This led us to the work described here, that reexamines NTT and its 

potential mechanism and role in balancing the energy budget of the chloroplast.   

Results 

Integrity of the chloroplasts envelope 

To investigate chloroplast transport mechanisms, it is important to assess the 

integrity of the chloroplast envelope. Several methods were used to determine if the 

chloroplast inner envelope presented a sealed, physical barrier to diffusion. First, 

centrifugation of our spinach chloroplast preparation on a Percoll density gradient, showed 

a migration pattern consistent with the majority being intact chloroplasts. Second, we 

assessed the fraction of chloroplasts that were intact based on the index of refraction of the 

intact stroma, as visualized using contrast microscopy (Walker et al., 1987). 

A                                       B        

Figure 16. Assessing chloroplasts intactness with CFDA staining. 

Representative images of isolated chloroplasts (A) and thylakoids (B) 
labelled with CFDA staining and visualized by epifluorescence 
microscopy. Arrows indicate damaged and/or out of focus plastids. Scale 
bars are 10 µm. 
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To confirm this assessment, we examined chloroplasts stained with the fluorescent 

supravital stain carboxyfluorescein diacetate (CFDA) (Figure 16). CFDA is used to 

differentiate intact and damaged chloroplasts, as it strongly fluoresces when de-esterified 

by carboxylesterases, which are found specifically in the intact chloroplast stroma (Schulz 

et al., 2004). Figure 16 shows representative microscope images of our chloroplasts 

preparation (Figure 16A) and osmotically shocked chloroplasts or broken thylakoids 

(Figure 16B). An issue encountered with this method was the difficulty in distinguishing 

decreased fluorescence with cells at different phase of alignments, as depicted in white 

arrows.  

Chloroplasts have been classified into an array of categories based on the 

biochemical properties following isolation, with “type A” being the only category verified to 

contain both inner and outer undisrupted membranes and rapid rates of CO2 fixation (50-

250 µmol mg Chl-1 hr-1) without the addition of exogenous substrate (Hall, 1972a). Type A 

is also differentiated by its impermeability to NADP and ferricyanide (Hall, 1972a; Lilley et 

al., 1975). As a third method, the membrane integrity was verified by monitoring the rates 

of membrane-impermeable ferricyanide reduction via electrons from PSI using intact and 

osmotically shocked chloroplasts suspensions, as performed previously (Hill, 1951). As 

shown in Figure 17, only the thylakoid sample resulted in an absorbance decrease upon 

light-activation of the photosystems with less than 3% of the chloroplasts layer appearing 

leaky or disrupted.  

As a further verification, we assessed the intactness of our chloroplast preparations 

by measuring the ability to import proteins across the chloroplast membranes. Using the 

methods described in (Froehlich, 2011), we found that ribulose bisphosphate carboxylase 
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oxygenase (Rubisco) small subunit (SSU) with intact transit peptide was readily imported 

into chloroplast (Figure 17B), whereas luciferase, a large (60 kDa protein) with no 

chloroplast transit peptide, was not. These results imply that the chloroplasts possess a 

complete, functional envelope that is able to actively transport native proteins. In addition, 

this assay demonstrates that the non-native protein luciferase, is not transported, 

consistent with the impermeability of the chloroplast envelopes to proteins of this size 

(Flügge and Benz, 1984), nor does it associate with the chloroplast envelope.  
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Figure 17. Confirming the integrity of intactness via ferricyanide and import 
assays. Confirmation of ferricyanide impermeability in intact chloroplasts was 
assessed by light induced ferricyanide reduction (A) measured at 425 mm using 
thylakoids (black) and chloroplasts (red) preparations. Import assays confirmed 
rubisco small subunit (SSU), but not Luciferase, is imported into isolated chloroplasts 
(B). Import assays using either [3H]-labeled Luciferase or [3H]-labeled precursor to 
the SSU was performed according to Froehlich (2011). Image depicts membrane (M) 
and soluble (S) fractions following the import assay, as well as the total protein (TP), 
precursor (p), and mature (m) portions. 
 



 107 

Analysis of ATP transport kinetics 

Assays were performed following confirmation of membrane intactness for each 

chloroplast preparation using the ferricyanide assay (Figure 17A). ATP export rates were 

measured using luciferase luminescence, which we have demonstrated (Figure 17B) 

cannot penetrate the chloroplast envelope over this time scale. The exclusion of luciferase 

from the stromal compartment allowed for real-time detection of photosynthesis-

generated ATP external to the stroma. Two sets of conditions were used. In LEF conditions, 

methyl viologen (MV) was added as an electron acceptor for PSI. Under CEF conditions, LEF 

was inhibited at PSII by the addition of DCMU (dichloromethyl urea). ATP production in 

thylakoids was negligible in the presence of DCMU, 1.3 µmol ATP mg Chl-1 hr-1 ±0.86 

(Figure 18A, grey trace), consistent with the rupture-induced loss of stromal components 

including ferredoxin, which is required for CEF (Munekage et al., 2002). In contrast, 

thylakoids showed elevated rates of ATP production under LEF conditions (129 µmol ATP 

mg Chl-1 hr-1 ±22, Figure 18A black trace), indicating that the thylakoids were 

chemiosmotically intact. Addition of the uncoupler gramicidin, which should dissipate the 

light-induced pmf, completely inhibited light-induced ATP production (Nishio and 

Whitmarsh, 1991). The drastic loss of ATP production in thylakoids under CEF conditions 

alone, imply the lack of a stromal component(s), down-regulation or disruption of a CEF-

specific process upon isolation. 

In the presence of DCMU, ATP production was 5-fold higher in chloroplasts 

compared to thylakoids (7.3 µmol ATP mg Chl-1 hr-1 ±1.1, Figure 18B, grey trace), likely 

indicating that all stromal components needed for CEF-related ATP production were 

present (Alric, 2014; Strand et al., 2016) supporting our assessment of chloroplast 



 108 

envelope intactness. The most surprising result was that in chloroplast preparations under 

LEF conditions showed ATP production rates (92.6 µmol ATP mg Chl-1 hr-1 ±1.1., Figure 

18B, black trace) that were only slightly slower than thylakoids, suggesting that ATP was 

able to diffuse through the chloroplast envelope and react with luciferase at rates near 

those of its production at the thylakoid membrane.   

Rates under LEF simulated conditions ranged from 50-200 µmol ATP mg-Chl-1 hr-1, 

possibly due to differences in the age of the plant, time and duration of extraction. 

However, even when taking error into account, rate of exchange between ATP with ADP + 

Pi was estimated to be 20-fold higher than previously suggested (Heldt, 1969; Stitt et al., 

1982; Neuhaus et al., 1997), and imply the presence of a highly active ATP transport 

system. In reference to photosynthesis, the rates are highly significant and account for 50% 

of the rate required for CO2 assimilation (Jensen and Bassham, 1966), which can be a 

contributing factor in offsetting photosynthetic metabolic pools. 

Deciphering the two Arabidopsis ntt mutant isoforms  

To assess the potential roles of NTT1 (locus AT1G80300) and NTT2 (locus 

AT1G15500) in the observed rapid ATP transport, we investigated the effects of a series of 

Arabidopsis T-DNA mutant lines affecting the expression of these genes. Our initial work 

focused on several isoforms of the two mutant lines. Four of the five single mutants were 

confirmed homozygous by PCR: Atntt1-1 (Salk_023159), Atntt2-1 (Salk_016353), Atntt2-2 

(Salk_081179), and Atntt2-3 (Salk_016244). To verify if homozygous lines were true null 

mutants, the gene expression was analyzed via qRT-PCR using glyceraldehyde 3-phosphate 

dehydrogenase (GADPH) as the housekeeping gene. Our results (Table 1) show differences 

in the expression response compared to wild type for the individual T- DNA lines, 
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particularly in Atntt1-1 and Atntt2-1 demonstrating the greatest decrease in expression 

compared to Col-0 with a ~5-fold and ~4-fold decrease, respectively. 

Table 1. Atntt1 and Atntt2 gene expression levels compared to Col-0 

Mutant LOG2-FOLD CHANGE 
(compared to wild type) 

Atntt1-1 -4.74 

Atntt1-2 -0.156 

Atntt2-1 -3.70 

Atntt2-2 0.847 

Atntt2-3 -1.181 

Atntt2-4 -0.835 

 
 

Figure 18. ATP detection assay using a Becquerel phosphoroscope and 
luciferase/luciferin. reaction. Rates were calculated using CEF (grey) and LEF 
(black) simulated conditions for both thylakoids (A) and chloroplasts (B). Luciferase 
reagent was added at the 30 s time-point (designated with an arrow). Rates were 
averaged (n>3) based on light-activated positive slopes (top bar illustrates light and 
dark portions). 

A                                           B 
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Shortly after, we acquired the double NTT mutant seeds Atntt1-2 (Salk_013530) x 

Atntt2-4 (GARLIC_288_EO8.b.1a.Lb3Fa) previously studied (Reiser et al., 2004) and 

confirmed to be homozygous by PCR. Gene expression levels (Table 1) of the Atntt1-2 x 

Atntt2-4 double-mutant confirmed a decrease in the expression levels for both ntt1 and 

ntt2 (-0.156 and -0.835 log2 fold-change compared to Col-0, respectively), however, to a 

much lesser extent compared to Atntt1-1 and Atntt2-1. This implies that the previously 

assumed “null NTT double-knockout mutant” may be leaky and should more accurately be 

classified as a knock-down (KD) rather than knock-out. Herein the Atntt1-2 x Atntt2-4 

double-mutant will be referred to as NTTdKD. 

Given that the previously reported mutant lines were leaky, we attempted to 

generate a true double null line using the workflow described in (Bolle et al., 2013). 

Crossing of the two single-mutants (Atntt1-1 and Atntt2-1), which exhibited the largest 

reduction in gene expression, was performed, resulting with a heterozygous double mutant 

F1 generation. However, the offspring (selfing) of F1 generation only produced a 

homozygous-heterozygous F2 double mutant population. Additional selfing and 

propagation of proceeding homozygous-heterozygous populations (F3 and F4) only 

resulted in seeds that failed to germinate and lines that were either homozygous for ntt1 or 

heterozygous for ntt2. When seeds were grown on MS plates supplemented with sucrose, 

55% of the seeds failed to grow in the F4 generation compared to 18% in Col-0 (p = 0.0079, 

n=10). As predicted by other researchers, if segregation of F2-F4 populations failed to 

produce homozygous double mutants, we can presume that the Atntt1xAtntt2 double 

mutants are embryo lethal. 
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Photosynthetic responses of Arabidopsis mutants defective in NTT expression 

The strongest need for rapid energy balance will most likely occur during rapid 

changes in light input. We thus screened our mutant lines using the recently developed 

DEPI (Dynamic Environmental Photosynthetic Imaging) chambers (Cruz et al., 2016a). 

After growth under standard laboratory conditions, plants were subjected to a 3-day light 

regimen (as illustrated in Figure 19A) consisting of: 1) flat day at 100 µmol photons m2 s-1, 

2) sinusoidal day where light increased to 500 µmol photons m2 s-1 at mid-day and 3) 

fluctuating light day, with a pattern of doubling light intensity superimposed on the 

sinusoidal waveform. Several photosynthetic parameters were computed from the 

fluorescence images (see Appendix), including maximal PSII quantum efficiency (FV/Fm), 

the realized PSII quantum efficiency during illumination (φII), and nonphotochemcial 

quenching (NPQ) with its rapidly (qE) and slowly (qI) decaying forms. It should be noted 

that, to avoid long-term dark acclimation, which we found to disrupt photosynthesis, we 

did not distinguish in the imaging experiments qI and other slowly-relaxing forms of NPQ, 

e.g. qZ or qT. 

 
Table 2. The maximal quantum efficiency of PSII (Fv/Fm) values  

Line Fv/Fm prior to Flat 
day (100 µmol 
photons m2 s-1) 

Fv/Fm prior to Sinusoidal 
day (0-500 µmol photons 
m2 s-1) 

Fv/Fm prior to 
Fluctuating day (0-1,00 
µmol photons m2 s-1) 

Col-0 0.79 ± 0.003 0.79 ± 0.004 0.77 ± 0.005 

NTTdKD 0.77 ± 0.011 0.77 ± 0.011 0.76 ± 0.005 

Values are means ± SD of n ≥ 5. The slight decrease in φII with increasing days was not 
significantly different in the wild-type compared to the mutant (P = 0.4827) as determined 
by the student’s T-test. 
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Prior to illumination on each experimental day, the FV/Fm values were recorded 

(Table 2), showing the double ntt mutant exhibited marginally lower values, perhaps 

reflecting a slight increase in long-term photoinhibition. Larger phenotypes appeared 

during illumination, in particular, at higher and fluctuating light intensities (Figure 19). On 

day 1, with constant low light, the ntt double mutant only showed slight (about 5%) but a 

consistent decreased PSII photosynthetic efficiency (φII), however the extent of NPQ 

(Figure 19B) was highly elevated (about 1.5-fold) and attributable to increases in both qE 

(Figure 19D) and qI (Figure 19E).  

Figure 19. NTTdKD mutant displays hysteretic behavior to fluctuating light. 
Chlorophyll a fluorescence imaging was performed on 2-week old Arabidopsis plants 
using the DEPI system to capture three distinct 16-hr photoperiods (constant, 
sinusoidal and fluctuating light) over a three-day light cycle (A). The measured 
parameters include NPQ (B) and the associated qE (C) and qI (D) response. Data 
represents log2-fold changes normalized to wild type with legend and values 
displayed on the right of each row (n>5). 



 113 

On day 2, during the sinusoidal illumination, the large increase in NPQ (Figure 19B) 

appeared be attributed to a larger increase (over 2-fold compared to Col-0) in qE (Figure 

19C) and a smaller increase in qI (Figure 19D). The most interesting phenotype occurred 

on day 3, during fluctuating light. Although the difference in qI was similar to the previous 

day, the qE response in the mutant fluctuated dramatically, exceeding that of Col-0 during 

the high light periods, but falling below during the lower light intervals. This hysteretic 

behavior, easily observed in the log2-fold heat maps (Figure 19C), suggest a strong impact 

of low NTT expression on the thylakoid pmf, with higher extents during the high light, and 

lower extents during the intermediate intensities. 

In vivo assessment of ATP photosynthetic responses of NTTdKD to CO2 

In order to assess the photosynthetic responses of the mutants under more 

demanding pressures, particularly on the stromal adenylate pools, we used the IDEA (Idea 

Diode Emitter Array) spectrophotometer/ fluorimeter, to capture information on both the 

light reactions of PSII via chlorophyll a fluorescence and ATP synthase through the 

electrochromic shift (ECS) (description of measurements found in Appendix) (Baker, 2008; 

Hall et al., 2013). The NTTdKD mutants were measured under minimal CO2 (<1ppm) 

concentrations, to create an environment of excess ATP and reductant (NADPH) while 

perturbing the system with fluctuating light periods. Estimations of the transthylakoid H+ 

flux (νH+) are based on the initial decay rates of the ECS signal and compared to LEF, given 

that the H+ and electron reactions are highly coupled and produce a fixed (H+/e-) 

stoichiometric ratio. Figure 20A, illustrates the response of the proton circuit to LEF in 

wild-type (black trace) and NTTdKD (red trace) revealing an increased νH
+ per LEF, as 

previously demonstrated with hcef2, high cyclic mutants (Strand et al., 2017). There was 
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nearly a 2-fold increase in NTTdKD slope (0.0016 ± 0.006) compared to Col-0 (0.0009 ± 

0.007, p<0.0001 ANCOVA, n>3). An increase in CEF would supplement photosynthesis by 

Figure 20. Photosynthetic responses to minimal CO2 levels. The 
relationship between fluorescence and ATP synthase in NTTdKD to minimal 
CO2 levels is illustrated (A-B). Graph (A) describes the relationship between 
electron flow of LEF to the initial flux of protons (νH+). Graph (B) shows the 
pmf associated with LEF reactions in relation to the total ECS amplitude in 
NTTdKD mutants (red) compared to wild-type (black). n>3 and error bars 
illustrate SEM. Graph (C) shows the differences in NPQ levels for the single ntt 
mutants as well as NTTdKO compared to wild type under fluctuating light with 
lower (300 ppm) CO2 conditions. Light conditions pertain to the fluctuating 
light regime described in the methods. n≥3. 
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supplying additional H+ to the pmf independent of PSII, thus offsetting a misbalance 

between the ATP/NADPH ratio. 

In addition, we investigated the overall pmf, estimated by the total ECS amplitude 

(ECSt), and compared it to the pmf attributed to LEF alone (pmfLEF) (Figure 20B). As 

described in Avenson, Cruz, Kanazawa & Kramer (2005a), the method complements the 

initial assessment (Figure 20A) and takes into account the kinetics related to ATP synthase 

turnover by measuring the difference in LEF versus the conductivity of ATP synthase (gH+). 

Once again, there was an apparent difference in the NTTdKD mutant compared to Col-0 

(Figure 20B) with a consistently lower pmfLEF associated with higher ECS amplitudes. 

The surprising result was obtained using the DEPI system described above to assess 

the NPQ response under lower (~300 ppm) CO2 concentrations. As shown in Figure 20C, 

the response for NTTdKD resembled the accumulated response for the individual ntt1 and 

ntt2 lines. In addition, the strongest differences in NPQ response compared to wild type 

was initially present in the ntt2 and NTTdKD lines. The levels slowly decreased to a 

consistent basal level after ~8 hours of increasing fluctuating light, while ntt1 levels alone 

started to increase. These results reveal contrasting differences in the expression response 

for ntt1 versus ntt2, possibly associated with the evolutionary reason for maintaining two 

isoforms of the NTT gene. 

Rapid rates of ATP efflux diminished in NTTdKD 

To test the hypothesis that NTT is involved in the rapid efflux of ATP in isolated 

chloroplasts, we assayed the rates of ATP production and transport in the Arabidopsis 

NTTdKD mutants using the luciferase assay described above (Figure 18). As shown in 

Figure 21, the rate of ATP appearance after the addition of luciferase in the wild type 
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thylakoids was like that of NTTdKD (47.4 and 41.1 µmol ATP mg Chl-1 hr-1, respectively) 

and around 2.7-fold lower than spinach. However, the more meaningful finding was 

between the NTTdKD mutant and wild type for the isolated chloroplasts (Figure 21, 

p=0.0007 Students t-test, n=3), with rates of ATP efflux 3-fold higher in Col-0. This implies 

that the decreased expression levels in the ntt double mutant specifically prevented the 

rapid rates of ATP efflux from intact chloroplasts and not thylakoids, confirming the rapid 

appearance of detectable ATP is attributed to NTT.  

Figure 21. ATP efflux rates via luciferase assay. The graph 
represents the rates of ATP synthesized and quantified in both 
thylakoid (white bars) and intact chloroplasts (grey bars) 
preparations of A. thaliana using wild-type and NTTdKD plants. 
Error bars represent SEM with n>3 and the significant difference 
(P-value=0.0007), as determined by the student’s T-test 
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Discussion 

It is assumed that the adenylate pools of the chloroplast are kinetically isolated from 

those in the cytosol, so any discrepancies in the photosynthetic energy budget must be 

balanced solely by chloroplast reactions (Asada, 1999; Joët et al., 2002; Kramer et al., 2004; 

Scheibe, 2004). This concept was mainly influenced by earlier work showing slow rates of 

ATP transport across the inner envelope membrane (Heldt, 1969; Stitt et al., 1982). ATP is 

assumed to equilibrate between the stroma and cytosol at slow rates, possibly through 

indirect methods, e.g., via the triose phosphate shuttle where it is converted to sucrose and 

aids in the ATP/NADPH offset by only requiring ATP rather than reductant (Heber and 

Heldt, 1981). However, our results of rapid rates of ATP efflux (Figures 18 and 21) suggest 

otherwise. Opening the possibility that ATP energy balancing could encompass reactions 

within other compartments, such as cytosolic and mitochondrial reactions. Two major 

electron transport coupled systems that synthesize ATP are photophosphorylation in 

chloroplasts, during the day, and oxidative phosphorylation in mitochondria, both day and 

night (Raghavendra and Padmasree, 2003). Both compartments, along with the cytosol, 

yield adenylates at different rates and it seems essential for pools to metabolically 

exchange for a well-balanced system (Stitt et al., 1982; Heineke et al., 1991). 

With the current advancements in the field, we can now account for the missing and 

contributing factors that were excluded during the initial assessments of plastidial ATP 

transport. For instance, early work failed to include the adenylate kinase inhibitor i.e., 

DAPP, which prevent the conversion of ATP and AMP to ADP (Heldt, 1969). By 

incorporating DAPP we can more accurately account for precise concentration differences 

between ATP and ADP without interconversion. Additionally, assays neglected to account 
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for the redox regulation of ATP synthase, e.g., exclusion of DTT, and most importantly the 

required ADP co-substrate, Pi (Heldt, 1969; Stitt et al., 1982). The chloroplast ATP 

transporter was originally compared to the well-studied AAC of mitochondria, but studies 

have now confirmed that the two systems are phylogenetically, structurally, and 

physiologically different (Fiore et al., 1998; Saier, 2000; Nury et al., 2006). Recent findings 

have confirmed the high-sequence homology of the NTT from Arabidopsis more closely 

resembles the human parasitic NTT bacterium and the kinetics of both are highly Pi -

dependent for optimal exchange of ATP (Trentmann et al. 2008; J. Tjaden et al. 1999; 

Trentmann et al. 2007). The rates of ATP exchange increased by 4-fold with the addition of 

Pi and ADP rather than ADP alone (Trentmann et al., 2008), consistent with the 

electroneutral mode of exchange for NTT. In agreement, in vitro studies using the Atntt1 x 

Atntt2 double knockdown lines demonstrate slower rates of ATP export when compared to 

wild type. The hampered rates of ATP efflux pertained to intact chloroplast systems alone, 

with comparable rates of export in thylakoids.  

The work presented in this paper considers the appropriate buffering conditions 

with the addition of DAPP, DTT and Pi to optimally quantify the rapid rates of ATP export 

using thylakoids and chloroplasts for both spinach (Figure 18) and Arabidopsis (Figure 21). 

Previous work classified NTT as a nocturnal import of ATP (Neuhaus et al., 1997) based on 

the sluggish rates (Heldt, 1969; Stitt et al., 1982) and the lack of ATP produced during the 

night cycle via the photosynthetic light reactions. We agree that NTT can possess a role 

during the night cycle when reactions are depleted of ATP; however, we propose that it 

also functions to aid in ATP homeostasis between the stroma and cytosol, particularly in 

stressful or energy-depleted conditions. In agreement with this hypothesis, the 
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photosynthetic responses were most adverse under more dynamic and stressful 

conditions, e.g. rapid alterations in light intensities (Figure 19) and limiting CO2 

concentrations (Figure 20), which would be expected if a major source of stromal 

adenylate pool is restricted (Sharkey, 1990). 

According to Armisén et al. (2008), within the Arabidopsis genome over 90% of the 

protein-coding genes contain homologues and are usually influenced by functional 

selection, rather than gene duplication. The redundancy of NTT can have an evolutionary 

purpose related to adenylate transport, possibly induced under varying stress conditions. 

This is demonstrated with the differences in the isoform-specific responses under low CO2 

concentration and fluctuating light. It appears that the overall NTTdKD response is the 

accumulation of both individual Atntt1 and Atntt2 responses (Figure 20C). Furthermore, 

NTTdKD appears to have reduced expression levels (Table 1) but to a much lesser extent 

than the single mutant lines, Atntt1-1 and Atntt2-1 which were unable to successfully 

produce a double mutant. These findings implicate a more essential role for NTT, not only 

in supplying ATP at night, but also in balancing the inconstant system by connecting the 

stromal and cytosolic ATP pools. 

Materials and Methods 

Plant and Growth Conditions  

Arabidopsis thaliana single NTT mutant lines were obtained from the Arabidopsis 

Biological Resource Center (USA) and four were confirmed homozygous: ntt1-1 

(Salk_023159), ntt2-1 (Salk_016353), ntt2-2 (Salk_081179), and ntt2-3 (Salk_016244) by 

PCR analysis (Alonso et al., 2003). NTT double-knockdown mutant (NTTdKD) consist of a 

T-DNA insertion at ntt1-2 (Salk_013530) and ntt2-4 (GARLIC_288_E08.b.1a.Lb3Fa), which 
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were provided courtesy of Dr. H. Ekkehard Neuhaus. NTTdKD mutant was confirmed by 

PCR using primers previously described (Reiser et al., 2004). Plants were grown on soil for 

a 16:8 day-night cycle in growth chambers with 125 μmol photons m2 s−1 for ≥3 weeks. 

Generation of additional double-mutants was attempted by crossing homozygous ntt1-1 

with ntt2-3 lines, as they both demonstrated the greatest reduction in gene expression via 

qRT-PCR. F1 crosses successfully yielded heterozygous mutants of both ntt1 and ntt2. 

However, F2-F4 crosses only produced homozygous NTT1 lines and heterozygous NTT2 

lines. As performed by Bolle et al. 2013, additional assessment of double-mutants was 

made by plating F2-F4 seeds on MS plates supplemented with sucrose. 

Quantitative gene expression studies 

Total RNA was extracted from 100 mg plant material using the RNeasy Plant Mini 

Kit (Qiagen). RNA (1 μg) was then reverse transcribed to produce cDNA using Superscript 

III reverse transcriptase (Invitrogen) primed with random hexamers. The expression levels 

were calculated using SYBR Green I (Thermo Fisher Scientific) via qRT-PCR at The 

Research Technology Support Facility (RTSF) at Michigan State University.   

 

Table 3. qRT-PCR primers for NTT gene expression studies. 

Gene Locus Forward primer Reverse primer 

NTT1 AT1G80300 

5'-
TGGGAACGATGGAAAGCTTG-
3' 

5'-CGTGCAGGTTGAGAAGTCT-
3' 

NTT2 AT1G15500 

5'-
GGGAACAATGGAGAGCTTGA-
3' 

5'-CTGTGCAGGTTGAGAAGTCG-
3' 

GAPDH AT1G13440 

5'-
TGAGGGATGGCAACACTTTCCC
-3' 

5'-
ACCACTGTCCACTCTATCACTGC
-3' 
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Chloroplast Intactness Assays 

The extraction of chloroplast and thylakoids from spinach and Arabidopsis was 

performed as described in Current Protocols in Cell Biology, with slight modifications 

(Seigneurin-Berny et al., 2008). The final centrifugation step involving a 40% and 80% 

density Percoll gradient was repeated following resuspension as a preliminary 

confirmation. Phase contrast microscopy was also used to visually confirm intactness. Since 

there are a number of intact chloroplast classifications, based on the biochemical 

properties succeeding isolation (Hall, 1972a), we confirmed the “type A” isolated 

chloroplasts with a ferricyanide assay. The integrity of the chloroplast membranes was 

assessed by monitoring the rates of membrane-impermeable ferricyanide reduction at 

420nm, as performed previously (Lilley et al. 1975), in comparison with an osmotically 

shocked chloroplasts suspension (Figure 17). 

The import assay used [3H] labeled protein that was incubated with isolated pea 

chloroplasts for 30 minutes, at room temperature with 5 mM Mg-ATP. After import, 

reactions were divided in half and treated without (-) or with (+) Trypsin for 20 minutes 

one ice and then quenched with Trypsin inhibitor for 5 minutes. Intact chloroplasts were 

recovered by centrifugation through a 40% Percoll cushion and the resulting pellet was 

resuspended in lysis buffer and fractionated into total membrane or soluble fraction. All 

fractions were analyzed by SDS-PAGE and fluography. 

ATP Bioluminescence Assay 

The Becquerel phosphoroscope and Enliten ATP Detection Kit (Promega) was used 

to allow for real-time in vitro measurements of ATP. The detector was filtered with a 550 

BP 25 yellow filter to prevent non-specific contaminating light and biolumenscence was 
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detected in the same manner as described before with slight modifications (Lundin and 

Thore, 1975; Livingston et al., 2010). The assays consisted of 30 µg chlorophyll/mL of the 

sample resuspended in a buffer containing 25 mM Tricine, pH 7.6, 400 mM sorbitol, 5 mM 

KHPO4,pH 7.8, 2.5 mM MgCl2, 1.25 mM EDTA, 2.5 mM dithiothreitol (DTT), and 100 µM 

diadenosine pentaphosphate (DAPP) and were briefly exposed to low light, in order to 

reduce and activate the thiols on the γ-subunit of ATP synthase (Kramer and Crofts, 1989). 

Following the light treatment, an alternative electron acceptor, 100 µM methyl viologen 

(MV), was added to the LEF-simulated reactions for the rate-limiting step to depend on the 

light reactions rather than excess reductant (NADPH). As a final step, 1 mM of exogenous 

ADP was added prior to the addition of the luciferase-luciferin reagent. As shown in Figure 

18 (arrow), an initial rise occurred upon the addition of luciferase reagent, presumably 

from endogenous ATP already present in the sample.  

Following the initial rise, the rates of ATP were calculated based on the light-

activated positive slopes (Figure 18) minus light-off portion (negative-slope) producing 

RLU (V/s). The phosphoroscope was linked to a LKB 1250 luminometer and a measuring 

computing system (USB-1608FS). The slopes were referenced to those from the ATP 

calibration curve (V/µM ATP) and dependent on the chlorophyll concentrations (µg 

Chl/mL). Each of the assays were repeated n≥3, immediately following confirmation of 

intactness using the ferricyanide assay and ATP calibration curves.  

The rates were calculated based on the light-activated positive slopes minus light-

off portion producing the RLU signifying V/s and referenced to the slope derived from the 

ATP calibration curve (V/µM ATP) and dependent on the chlorophyll concentrations (µg 

Chl/mL). 
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Photosynthetic Phenotyping 

In situ chlorophyll fluorescence imaging was performed in plant growth chambers, 

as described in (Cruz et al., 2016a) outfitted as Dynamic Environment Photosynthesis 

Imager (DEPI). The large-scale screening was performed on 3-week plants Arabidopsis ntt 

plants exposed to 3 different light regimes (as described above) under a 16:8 light cycles. 

Processing was performed using custom software developed in the laboratory called 

OLIVER (https://caapp-msu.bitbucket.io/projects/oliver/index.html) to derive 

photosynthetic parameters, such as those mentioned above.  

The photosynthetic in vivo spectroscopy measurements were made using wholes 

leaves of Arabidopsis ntt mutants clamped into a measuring chamber flushed with ambient 

air or minimal CO2. The chamber of a nonfocusing optics spectrophotometer/chlorophyll 

fluorimeter constructed in-house (Sacksteder et al., 2001; Avenson et al., 2005a). The ECS 

decay kinetic measurements were made by perturbing the 3 minute light- exposed steady-

state with a short dark period, which disturbs the system by halting proton influx and 

allows for equilibration of the pmf with the free energy of ATP synthase (Avenson et al., 

2005b; Cruz et al., 2005). The fractions of ∆ψ (ECS steady-state) and ∆pH (ECS inverse) 

components derived from the pmf partitioning were measured as described previously 

(Cruz et al., 2001a; Takizawa et al., 2007).  

Cloning of NTT1 and NTT2 into the plant transformation vector: pH2GW7.0 

NTT1 (At1g80300) originally cloned into pUC19 vector (New England Biolabs) was 

subsequently cloned into pENTR/SD/DTOPO using a standard PCR approach according to 

manufacturer protocol (Invitrogen™). NTT2 (At1g15500) previously cloned into 

pENTR/SD/DTOPO vector (Invitrogen™) was purchased from ABRC (Scholl et al., 2000). 
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Using a Clonase II reaction as describe by the manufacturer protocol (Invitrogen™), cDNAs 

for NTT1-WT and NTT2-WT were all cloned into the plant transformation vector 

pH2GW7.0 (VIB;(Karimi et al., 2002).  The integrity of all constructs was confirmed through 

sequencing performed by the RTSF at Michigan State University.  Plant transformations 

were performed by the Arabidopsis Service Center (ASC) at Michigan State University using 

the floral dip Agrobacterium-mediated transformation method to complement the NTTdKD 

lines (Clough and Bent, 1998). 

 
Table 4. NTT cloning primers. 

Gene Locus Forward primer (5’->3’) Reverse primer (5’->3’) 

NTT1 AT1G80300 
CACCATGGGAGCTGTGATTCAAACC
AGAGGG 

TTATAAGTTGGTGGGAGCAGA
TTT 

NTT2 AT1G15500 
CACCATGGAAGGTCTGATTCAAACC
AGAGGA 

CTAAATGCCAGTAGGAGTAGA
TTTCT 
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Table 5. Equations for fluorescence and ECS calculations 

Fluorescence 
yield (YF) 

= kF/(kF+kd+qLxkp+kNPQ) (k=rate constants of f= fluorescence, 
d= heat dissipation, p= PQ pool and 
NPQ= non-photochemical quenching; 
qL= concentration of undamaged or 
open PSII reaction centers)  

φII = (Fm'-Fs)/Fm' (m’= maximal fluorescence at 
saturating pulse with some PSII closed, 
s=baseline with light) 

Fv/Fm = (Fm-Fo)/Fm 
(optimal ≈0.8) 

(m= maximal fluorescence at 
saturating pulse, o=baseline) 

LEF = i x A x fraction PSII x 
φII 

(i= light intensity, A=absorptivity of 
the sample, and fraction of 
PSII=absorbed light by PSII alone, 
usually 0.4) 

NPQ = (Fm-Fm')/Fm'  

qI = (Fm-Fm'')/Fm'' (m’’= maximal fluorescence at 
saturating pulse following dark 
recovery) 

qE = (Fm''-Fm')/Fm' 
or (Fm/Fm')-(Fm/Fm'') 

 

qL = ((1+NPQ) x 
(1/(Fv/Fm))-1))/(1/φII-
1) 

 

ΔµH+ = nFΔΨ(i-o) - 2.3RTΔpH(o-

i) 
(R=universal gas constant, T= absolute 
temperature in Kelvin, and F= 
Faraday’s constant, subscripts “i” for 
inside the lumen space and “o” for 
outside and refer to the stroma) 

ΔA520(deconvolut
ed) 

= ΔA520-((ΔA505-
ΔA535)/2) 

 

pmf  = ΔΨ -59mV ΔpH 
or ΔΨ + 2.3RT/F ΔpH 

 

ECSt (≈pmf)  = ΔA520 total ECS amplitude  
vH+ = Y0 + Ae-x/τ linear fit of the initial absorbance 

change of the ECS decay at 520 nm 

gH+ = 1/τ (τ=mean lifetime) 

pmfLEF = LEF/gH+  
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Photosynthetic research has brought about a plethora of benefits to the field of 

science. By understanding the biochemical, structural and physiological processes that 

make up photosynthesis we have advanced the field of medicine, energy production, food, 

and the environment. Yet, a majority of the research has focused on static controlled 

environmental conditions without taking environmental perturbations into account. A 

number of more recent studies (Kramer and Evans, 2011; Suorsa et al., 2012; Tikkanen et 

al., 2012; Armbruster et al., 2014; Carrillo et al., 2016; Cruz et al., 2016) have confirmed 

more severe photosynthetic responses induced by rapidly altering CO2 and/or light 

conditions, while having minimal phenotypes under constant irradiance. 

For this reason, it is imperative to consider natural environmental settings in order 

to advance the field of photosynthesis, and science in general. This dissertation provides 

insight into some (of the many) mechanistic ways in which plants have evolved to cope 

with the dynamics of nature through modulation of pmf and ATP. From sensing pressures 

in the lumenal space (KEA3-Appendix B, Chapter 1), to modulating the activity of ATP 

synthase at minimal irradiances (NTRC-Chapter 2) and the balancing of chloroplasts 

metabolites with other pools of ATP (NTT-Chapter 3). 

The collaborative work on KEA3, the K+/H+ antiporter, confirmed a photoprotective 

role by which plants dissipate excess protons upon transitioning from high-light or an 

extended dark-period to low light conditions. Two mutant lines of kea3 display prolonged 

NPQ responses upon transitioning to lower-light intensities with associated φII responses 

and increased sensitivity to the pmf. Based on our results with MV, acting as alternative 

electron acceptor to PSI, we predict the thylakoid proteins KEA3 and TPK3 co-regulate 

photosynthetic pressures, or ATP synthase specifically, by adjusting the pmf. The KEA3 
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could function by alleviating protons from the thylakoid lumen in exchange for K+ ions, 

which are channeled out of the chloroplast by TPK3 (Carraretto et al., 2013; Armbruster et 

al., 2014). The next step for this work is to decipher the mechanism by which KEA3 senses 

alterations in light intensity and triggers (if any) activation of TPK3. 

An emphasis is placed on the major energy-transducing enzyme in plants-ATP 

synthase, as it is an essential component of photosynthesis, acting as a key regulator in 

response to light and electron flow. Apart from using an electrochemical gradient of 

protons to mechanically rotate and yield ATP, this enzyme is highly dynamic in its 

activation, regulation and function. Previous research has shown that the γ-subunit thiols 

of the chloroplast ATP synthase are redox modulated for a light-activated state requiring a 

lower pmf threshold and an oxidized (off) state during the dark, to prevent wasteful 

hydrolysis of ATP (Ketcham et al., 1984; Hangarter et al., 1987; Junesch and Gräber, 1987). 

It was long been assumed that the well documented ferredoxin-thioredoxin reductase 

(FTR) system using stromal thioredoxins (mainly f-, m- and x-) was the mechanism of 

action for the rapid reduction of regulatory thiols on ATP synthase, even under minimal 

irradiance (Buchanan, 1980; Quick and Mills, 1986; Kramer et al., 1990).  

However, our work links the chloroplast NADPH thioredoxin reductase C (NTRC) to 

the consequential activation behavior of ATP synthase (Chapter 2). Arabidopsis ntrc 

mutants display strong photosynthetic inefficiencies in PSII with associated increases in 

the stress signal NPQ and hampered conductivity of ATP synthase, specifically to low light 

intensities (≤100 µmol photons m2 s-1), presumably when ATP synthase is inactivated. 

Based on our ECS measurements to assess the re-oxidation state of ATP synthase, Atntrc 

displayed rapid kinetic responses compared to wild type. Mis-regulation was also 
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confirmed with the western blots of ATPC1 γ-subunit thiols confirming a partial oxidized 

state for the enzyme at irradiances at or below 100 µmol photons m2 s-1. We propose that 

NTRC co-regulates the regulatory thiols of ATP synthase with FTR at specific light 

intensities. Unlike the FTR, NTRC derives its reducing potential from NADPH which can 

provided to the stroma independent of the light reactions (Serrato et al., 2004). Our results 

show that NTRC is critical for maintaining photosynthesis, particularly under low and 

fluctuating light, and thus an important contribution to our understanding of how 

photosynthesis operates in the natural environment. An interesting piece to the puzzle 

remaining to be elucidated is the mechanism by which NTRC activates ATP synthase. The 

two reductase systems (FTR and NADPH) use different reducing power (Fd and NADPH, 

respectively); however, if NADPH is readily available (even in the dark) what prevents 

NTRC from activating ATP synthase remains unanswered.  

Lastly, Chapter 3 explores the role of the nucleotide triphosphate transporter (NTT) 

as a mechanism to augment plastid levels of ATP. Based on our results of rapid ATP efflux 

using isolated chloroplasts (rigorously controlled for intactness), we revisit the once 

considered sluggish ATP/ADP+Pi transpoter (Heldt, 1969) as the mode of transport. Using 

a luciferase assay, we estimated rates 20-fold greater than previously suggested with 

spinach chloroplasts. It appears that the two NTT isoforms possess different roles, based 

on the dynamic differences in the photosynthetic responses of Atntt1 and Atntt2 under 

fluctuating light and low CO2 conditions. Furthermore, gene expression studies confirmed 

drastic differences (log2-fold change of 26.8 and 13.0 compared to 1.2 and 1.8, respectively) 

between the failed attempt of crossing single Atntt mutant lines to those of a double-

mutant obtained (termed NTTdKD for simplicity). Even with the leaky double-mutant lines, 
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the photosynthetic stress response NPQ and qE displayed hysteretic behavior to fluctuating 

light. Additionally, ATP efflux rates were 3-fold lower in NTTdKD chloroplasts compared to 

wild type, confirming the role of NTT in exporting ATP at photosynthetically significant 

rates. These results further support the many intricate ways by which photosynthesis 

copes with dynamic irradiances to maintain ATP homeostasis. 
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