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Abstract: In cyanobacteria and other photosynthetic organisms, cyclic electron flow
(CEF) around Photosystem I (PSI) is a crucial mechanism for balancing the
photosynthetically produced energy carriers NADPH and ATP that are utilized to
accumulate biomass. This is accomplished via the oxidation of NADPH by membrane
oxidoreductases which pass the electrons into the membrane-soluble PQ pool and back to
PSI where ferredoxin (Fd) and NADP* are reduced, completing the cycle. This cyclic
flow drives the pumping of protons across the thylakoid membrane, driving the operation
of ATP-synthase and thereby increasing the ATP/NADPH ratio with no net consumption
of NADPH. A major participant in CEF are the NDH-1 complexes, homologs to
respiratory complex I. Cyanobacteria possess four versions of this complex that
participate in CEF as well as CO» uptake. While the activity of these complexes in
pumping protons is known in other organisms, and the closely related chloroplast NDH-1
had recently been shown to do so, information on these complexes in cyanobacteria is
lacking regarding proton pumping activity. As well, in cyanobacteria, these complexes
were demonstrated to utilize Fd as a reductant source instead of NAD(P)H as is typical
for its homologs. Cyanobacteria also possess a system to regulate the redox state of the
FAd/NADPH pools by exchanging electrons between them, termed the Fd:NADP-
oxidoreductase (FNR). Some cyanobacteria, like Synechocystis sp. PCC6803, possess
two isoforms of FNR, FNRs and FNR(, that share a gene and are differentially expressed
by different translation initiations, and are thought to primarily operate in NADPH
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understanding their physiological functions. In this work, it is hypothesized that CEF is a
major driver of proton pumping and that NDH-1 complexes are the driving force of that
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reduced Fd, allowing enhancement of proton pumping during acclimation to fluctuating
light conditions, a major stressor of photosynthetic organisms.
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CHAPTER |

INTRODUCTION

The atmosphere of early Earth was anaerobic, and the first organisms were almost
certainly anaerobes (reviewed in (Zubay 1996, Fischer et al. 2016, Martin et al. 2017)). This era
came to a close when the ancestors of the phylum Cyanobacteria acquired the ability to perform
oxygenic photosynthesis, a process which produces O, and H* from light and H,0O, causing a rise
in atmospheric O, (reviewed in (Lyons et al. 2014, Sanchez-Baracaldo et al. 2020)). The
oxidation of water by oxygenic photosynthesis drives electron flow toward metabolic reductant in
the form of NADPH and ferredoxin (Fd), which is consumed to power carbon fixation for the
accumulation of sugars, or used to drive the formation of the Proton Motive Force (PMF) to
power ATP synthesis (Alberts et al. 2017). A critical aspect of the photosynthetic mechanism is
its adaptation to fluctuations in the environment that influence the pools of metabolic reductant
and ATP (reviewed in (Shikanai et al. 2017)). Plants, algae, and cyanobacteria have evolved
several mechanisms to dissipate excess reductant to adjust to the environmental and subsequent
metabolic demand changes, but one shared by all of the oxygenic photosynthesizers is the

NAD(P)H Dehydrogenase 1 (NDH-1) complex

Cyanobacterial NDH-1 complexes are versatile and important complexes for maintaining

healthy growth. These complexes have high sequence and structural homology to respiratory



Complex I (NADH Dehydrogenase) of most respiring organisms, and they have been shown to
function in electron transport in a similar way, in that they accept electrons from a reducing agent
(ferredoxin in cyanobacteria and NADH in heterotrophs) and then use that energy to pump
protons across a membrane to help establish the proton motive force (PMF) for ATP synthesis.
While NDH-1 complexes are homologous to Complex I, the nomenclature between the organisms
that possess them can be varied. In plants, algae, and cyanobacteria, the complexes also
participate in cyclic electron flow (CEF) around Photosystem | (PSI) as a means of returning
electrons into the plastoquinone pool that ultimately supplies PSI with electrons to reduce
NADPH or ferredoxin (Fd). In this process, protons are thought to be pumped across the
thylakoid membrane for ATP synthesis, and this is hypothesized to be used to increase the [ATP]
with no net change in [NADP*/NADPH], thereby balancing the NADPH/ATP ratio within the
cell as needed. While this activity has been confirmed in the closely related chloroplast NDH-1
(Strand et al. 2017), such activity had not been confirmed in cyanobacteria until this work

(Chapter V).

Unlike in other organisms, cyanobacteria have four versions of the NDH-1 complex,
differing by the presence of variable subunits connected with a common core sub-complex as
discussed in section 1.3. Two of the variant forms (NDH-11/,) function similarly to the
traditionally studied NDH-1 complexes in that they participate in electron transport and
presumably proton pumping. The other two complexes (NDH-13) possess an extra protein
subunit with carbonic anhydrase (CA) activity that hydrates CO, to HCO3™ while also
participating in electron transport. These two complexes experience different patterns of
regulation, with one being constitutively expressed with low affinity and high flux (NDH-1,) and
the other being inducible by low external inorganic carbon concentrations with high affinity and
low flux (NDH-13). These complexes accomplish this with the unique CupB or CupA proteins,

respectively, attached to the variable parts of the NDH-1 complex. Since these proteins possess
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carbonic anhydrase activity, and the removal of a H* from the active site of CAs is rate limiting, it
is hypothesized that the removal of that proton is energized by proton pumping action of NDH-
134 complexes. The work of Strand et al has shown that chloroplast NDH-1 complexes were able
to couple proton pumping to electron flow in similar ratios to that seen for the well-studied
homolog complex | (Strand et al. 2017, Strand et al. 2017), however, the extent of this activity
and the roles of the various forms of the cyanobacteria NDH-1 complex remain poorly
understood in this regard. It is a hypothesis of this work that the cyanobacterial NDH-1
complexes couple electron transfer to the PQ pool to proton pumping, that this activity varies
among the complexes, and that CEF is able to drive PMF formation through these complexes to a

considerable degree.

Abbreviations: PSII, photosystem II; PSI, photosystem I; cyt. bsf, cytochrome bef; COX,
cytochrome oxidase; NDH-1, NADPH Dehydrogenase 1; FNR, ferredoxin:NADP-
oxidoreductase; PQ, plastoquinone; LEF, linear electron flow; CEF, cyclic electron flow; Fd,
ferredoxin; PMF, proton motive force AO, acridine orange; CBB, Calvin Benson Basham; CEF,
cyclic electron flow; CCCP, Carbonyl cyanide m-chlorophenyl hydrazone; DCMU, 3-(3,4-
dichlorophenyl)-1,1-dimethylurea; DCCD, N,N'-Dicyclohexylcarbodiimide; Val, valinomycin;

PAM, pulse-amplitude modulated fluorometry;



CHAPTER II

REVIEW OF LITERATURE

2.1 Synechocystis sp. PCC 6803: a model organism for studying

photosynthesis and CO; uptake
The unicellular cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis) is

able to grow photoautotrophically and heterotrophically given the appropriate carbon and light
sources (Stanier et al. 1977). Cyanobacteria in general make for fantastic model organisms with
which to study CO- uptake and photosynthesis because they contribute greatly to the production
of O by their presence in lakes and oceans (Luz et al. 2011) and because they share many
qualities with eukaryotic plants and algae (Martin et al. 2002). A variety of properties have made
Synechocystis an experimental model for the study of photosynthetic processes. Synechocystis
possesses the full suite of proteins required for photosynthetic electron transport and carbon
fixation, with structural, functional, and sequence similarity to higher plants and algae. It
possesses two photosystems and antennae apparatuses, synthesizes chlorophyll and carotenoids
for energy absorption, and splits water as an electron source, much like higher plants and algae.
This cyanobacterium was also the first photosynthetic organism whose genome was completely
sequenced (Kaneko et al. 1996). This yields the advantage of rich literature on the species, and it
has been used extensively as a model organism for photosynthesis. In addition to these factors,

Synechocystis possesses the machinery for natural competence, allowing DNA to be taken up



with a simple incubation in the light at a high concentration of cells (Nakasugi et al. 2006, Eaton-
Rye 2011). This results in transformation by homologous recombination without single-crossover
events, provided the exogenous DNA contains homologous sequences within it (Williams 1988,
Yoshihara et al. 2001, Eaton-Rye 2011). Synechocystis’ competence, relationship to higher
plants, and rich background literature allow it to be used effectively to explore the functions of
photosynthetically related genes by the relatively simple creation of deletion mutants,

complementations, and point mutations.

2.2 Cyanobacterial photosynthetic electron transport chain
Photosynthetic electron transport (PSET) is the primary means of establishing Proton

Motive Force (PMF) in the light in cyanobacteria and other photosynthetic organisms
(Mullineaux 2014, Shikanai et al. 2017). Cyanobacteria, being physiologically similar to
chloroplasts in many ways, are useful in the study of this mechanism as they are genetically
tractable and able to be measured as whole cells quite easily. There are two ways that PSET is
accomplished, termed Linear Electron Flow (LEF) and Cyclic Electron Flow (CEF). The
movement of electrons in LEF utilizes light energy to oxidize water and move electrons through
PSII, the Plastoguinone (PQ) pool, cytochrome bsf, and uses light energy again at PSI to produce
Fdreq and NADPH (Mullineaux 2014). In CEF, PSI is the only photosystem active, and
NADPH/Fdrq and carbon skeletons are consumed by thylakoid oxido-reductases and
subsequently replenished by PSI driven reduction in order to produce PMF for ATP synthesis
with no net NADPH/Fdq production (Mullineaux 2014). The cell may switch which form of
electron flow is dominant by moving the light-harvesting phycobilisomes to the relevant
complexes depending on factors both external and internal that affect the oxidation state of the
PQ pool (Mullineaux 2014). The light harvesting phycobilisomes dissociate from PSII when the
PQ pool becomes over-reduced, allowing for their relocation to PSI to prevent too much further

reduction of PQ by limiting LEF, with excess energy being devoted to either the formation of



PMF or the dissipation of the energy as heat and other mechanisms via interactions of the
phycobilisome with Flv and OCP proteins (Mullineaux 2014). (Bhatti et al. 2020) The movement
of the phycobilisomes between photosystems is termed a “state transition.” When the
phycobilisomes largely associate with PSII, the cells are in “state 1,” which is regulated by
oxidation of the PQ pool in an unknown manner. Transition to “state 2" requires reduction of the
PQ pool, which triggers the dissociation of phycobilisomes from PSII and their movement to PSI,
focusing the light energy there (Mullineaux et al. 1990, Ranjbar Choubeh et al. 2018, Bhatti et al.
2020). On a longer timescale, the movement of the membrane-integral NDH-1 complexes into
proximity with PSI, allowing for the formation of a supercomplex that appears to function in
rapidly dissipating excess reductant produced by PSI activity back into the PQ pool (Gao et al.
2016). The slowest adaptation to higher CEF is the production of more PSI and CEF components,
which can take several hours (Fujita et al. 1988). The cell exerts strict controls over the PSET
chain, as the energetics conducted within it are vital to the cells’ photosynthetic activity. The
energetics of both LEF and CEF will be discussed, with a more in-depth discussion of CEF as it
more heavily involves the NDH-1 complexes.
2.2.1 Linear electron flow

Linear electron flow begins when a photon is absorbed by a special pair of chlorophyll at
the reaction center (RC) of PSII which initiates photochemistry as a charge separation, forming
the P680*Qa” state, where Qa™ passes electrons to Qg which, when fully reduced and protonated,
diffuses into the thylakoid membrane and into the PQ pool (Barber et al. 2001). An important
note to make is that charge separation is a vectorial process in that the positive charge is located
on the lumenal side (P-side) and the negative charge is on the cytoplasmic (N-side) of the
membrane, contributing to PMF generation. The positive charge at P680* is utilized for the
oxidation of water and after four successive charge separations at PSII, two molecules of H,O are

oxidized and one molecule of O; is produced along with the deposition four protons into the



luminal space of the thylakoid membrane and contributing to the thylakoid ApH. Alongside the
water oxidation, charge separation and electron transport drives the movement of electrons in to
the PQ pool via Qg reduction to quinol. The quinol diffuses through the thylakoid membrane to
the cyt. bef complex, where it undergoes oxidation via the so-called Q cycle and deposits 2H* per
electron (4H* per PQH- oxidized) to the thylakoid lumen while transferring electrons to
plastocyanin. This then transports the electrons to PSI, where another light-driven excitation
event occurs upon photoexcitation of the PSI reaction center Chls, designated P700, which
undergo and vectorial charge separation and electron transfer to Fdox, producing Fdrqd, which may
then transfer electrons to NADPH via Fd:NADP oxidoreductase (FNR) (Jensen et al. 2007). LEF
carries forward at a H*/e" ratio of 3, with one proton coming from water splitting, and the other
two coming from activity of the cyt. bsf complex (Sacksteder et al. 2000). This produces the bulk
of protons needed for ATP synthesis (Kramer et al. 2011), and LEF is shown in this work to be
the heaviest contributor to proton pumping upon the dark to light transition (Chapter 1V), likely
due to the high abundance of PSII compared to CEF components such as NDH-1 along with the
faster reaction rate of PSII (Zhang et al. 2004). Based on understandings of the structure of
cyanobacterial ATP synthase (Pogoryelov et al. 2007), 3 ATP are made per 14 protons
translocated, which does not satisfy the ratio of 1.5 required by the CO- fixing Calvin-Benson-
Bassham-cycle (CBB-cycle) (Allen 2002). The PMF lacking to produce ATP therefore must be
supplied by other means, such as cyclic electron flow around PSI, as discussed below.
2.2.2 Cyclic electron flow

It has been known for over 60 years that ATP can be photosynthetically produced in the
absence of CO; fixation, with this activity being attributed to PSI alone (Arnon et al. 1954).
Cyclic electron flow, which is observed in plants, algae, and cyanobacteria, begins when
electrons produced from the linear electron transport chain are returned to the PQ pool via the

electron transport chain. A model of this focusing on the subunits covered by this work is shown



in Fig. 1. This recycling of electrons contributes the proton gradient, and therefore ATP synthesis,
with no net accumulation of Fd, NADPH, nor the reduction of CBB intermediates. Thus, the
primary function of this action is hypothesized to be the cyclic oxidation and re-reduction of Fd
or NADPH, while driving the accumulation of ATP with no net change in the redox state of the
NADPH pool (Battchikova et al. 2011, Bernat et al. 2011). In cyanobacteria, the two major
contributors to the consumption of reductant are Succinate Dehydrogenase (SDH) (Mi et al.
1992, Cooley et al. 2001, Bernat et al. 2011) the four forms of the cyanobacterial NDH-1
complexes (discussed below). The NDH-1 complexes most closely related to those in
chloroplasts, NDH-1; , complexes, appear to be the major contributors to CEF among the NDH-1
complexes in cyanobacteria (Bernat et al. 2011). The differences between the four NDH-1
complexes will be further discussed below, but briefly: the NDH-11, complexes are heavily
active in CEF and respiration, and the NDH-134 complexes are involved in smaller fluxes of
CEF, but also capture CO; as HCOs in a manner necessary for growth in air levels of CO,. The
NDH-1 complexes also act as a protective mechanism for PSI, forming a supercomplex under
conditions such as high light or salt stress and thereby providing the spatially close consumption
of photosynthetically produced electrons, preventing ROS generation (Zhang et al. 2020). It was
shown that the NDH-1-PSI supercomplex stabilizes PSI (Zhao et al. 2017), with the function of
the supercomplex likely being to consume electrons for CEF as quickly as possible, limiting the
space needed for Fdrq to diffuse (Gao et al. 2016). This accelerated consumption of electrons is
thought to act as an antioxidant mechanism in this way, especially when stresses such as high
light leads to increased Fd reduction. Recently, it was shown that exposure to high light caused
heavy accumulation of the NDH-134 complexes, indicating their CO, uptake activity in addition
to their CEF activity may play a role in the NDH-1 antioxidant mechanism (Zhang et al. 2020).
The tightly regulated response of cyanobacteria to these stresses highlights the importance of this
mechanism for the protection and acceleration of PSI-CEF when needed, thereby providing

electron transport pathways necessary to prevent overreduction and ROS generation. Another
8



component of the cyanobacterial energy budget for safely dissipating excess reductant involves
the activity of flavodiiron proteins, which act in a manner to reduce O, to H,O in a so-called
“water-water cycle” as a means of protection for the photosystems, reducing the opportunity for
ROS to appear (Shikanai et al. 2017). The activities of both LEF and CEF occur in the light, but
their activities share not only a membrane but electron carriers with respiration, which also
functions to couple electron transport to the production of ATP.
2.2.3 Respiratory electron flow

Cyanobacteria are energetically unique among photosynthetic organisms in that they
possess cytochrome oxidase (COX) in the same compartment as PSII, which consume and
generate oxygen respectively in order to drive PMF production (Mullineaux 2014). In the dark,
cyanobacteria consume the glycogen and monosaccharides they produced in the light, utilizing
catabolic pathways typical to respiring organisms (Mullineaux 2014). The catabolically produced
electrons are transferred, generally via the redox carriers NADPH and Fd, into the PQ pool
through NDH-1 and SDH and through the cyt. Be/f complex and, eventually to O, via COX. The
electron flow through NDH-1, cyt. Be/f, and COX couples to proton deposition in the thylakoid
lumen and results in the generation of PMF and ATP in the dark, allowing maintenance
metabolism to proceed in the absence of photosynthesis (Falkner et al. 1976, Peschek et al. 1985,
Belkin et al. 1987). The balance between respiratory and photosynthetic metabolisms must be
tightly regulated to prevent bottlenecks in the electron transport chain, especially during the
diurnal illumination cycle or conditions of fluctuating illumination. As noted, respiration occurs
in the dark, when light energy is not being utilized and accumulated sugars are being catabolized
(Mullineaux 2014). Once illuminated, the cells switch toward a photosynthetic metabolism and
shut down COX, allowing for them to accumulate carbon in the light. While the photosystems are
not involved in respiration, many of the other electron transport components are shared, such as

the PQ pool, cyt bsf, and the NDH-1 complexes. Because of this shared activity, the dark ApH



produced by respiration and its effect on the oxidation state of the PQ pool must be considered as
a technical point in observing proton pumping in the dark to light transition, since the light
induced increases in PMF may build upon the existing PMF formed by respiration in the dark..
This becomes especially important in measurements of the proton pumping activity of the various
NDH-1 complexes, as discussed in Chapter 3. Electron flow through photosynthetic NDH-1
complexes is well studied by following the redox state of the PQ pool using Chl fluorescence
yield measurements or spectroscopically using the redox state of PSI during the course of the
photosynthetic reactions of cyanobacterial cells (Battchikova et al. 2011, Bernat et al. 2011, Gao
et al. 2016, Zhang et al. 2020). The other hypothesized action of cyanobacterial NDH-1
complexes, proton pumping, remains especially understudied. An important focus of this work is
to elucidate CEF/PMF formation coupling and to explore specifically the contributions of the
NDH-1 complexes as they are abundant and important members of the photosynthetic electron
transport chain.

2.2.4 Electron carriers and redox balance

In cyanobacteria, electrons produced from either photosynthesis or catabolism are stored in the
form of NADPH and Fdq and are subsequently consumed by the various membrane complexes
which dump those electrons into the PQ pool and plastocyanin, which then pass the electrons
either back to PSI to participate in CEF, or passed through COX for respiration. The same carriers
are utilized in the same membrane for all forms of electron flow in cyanobacteria, so the redox
state of these pools must be tightly regulated. One of the balancing acts that must occur is in the
redox state of the NADP(H)/Fdowred pools. This is broadly accomplished by the actions of
Ferredoxin:NADP oxidoreductases (FNR), which possess the ability to either reduce NADP* by
Fdreq Oxidation or reduce Fdox by NADPH oxidation (van Thor et al. 1999, van Thor et al. 2000,
Thomas et al. 2006, Korn et al. 2009, Korn 2010). Cyanobacteria that are capable of

heterotrophy, such as Synechocystis, possess two isoforms of FNR that differ in the the presence
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(FNRy) or absence (FNRs) of a phycobilisome linker-like domain (Thomas et al. 2006). The
FNR_ isoform appears to be more heavily expressed under growth conditions, and generally
associates with phycobilisomes. The FNRs isoform is expressed to a lesser degree under growth
conditions and is thought to locate to the cytoplasm as a soluble protein (Korn 2010). The current
thinking is that FNR__ largely participates in the reduction of NADP™*, while FNRs oxidizes
NADPH to feed heterotrophic growth as it is required for chemoheterotrophic growth (Korn
2010), potentially by providing Fd.q for NDH-1 driven proton pumping and PQ reduction. The
expression of each isoform is determined at the transcript level, with the FNRs isoform being
more heavily expressed in stressful conditions like nitrogen limitation or high light (Thomas et al.
2006). The two isoforms are produced by alternative transcription start sites in the same gene,
allowing for this differential expression (Thomas et al. 2006). Two mutants were constructed by
Dr. Ghada Aijlani’s group which express only FNRa (mutant termed FS1) or FNR. (mutant
termed MI6), and have been utilized to begin understanding the roles that each of these isoforms
play in cyanobacterial photosynthesis. One of the major findings was that the FS1 mutant,
expressing only FNRs, had increased NDH-1 CEF, evidenced by an increased post-illumination
chlorophyll fluorescence rise, associated with NDH-1 CEF activity (Korn 2010). What has
remained unclear is the differences between these two isoforms with regard to their ability to
participate in CEF by contributing to reductant pools, as well as how the presence or absence of
each isoform effects proton pumping. The relationship these isoforms have to CEF and proton

pumping by NDH-1 will be explored by this dissertation.

2.3 Cyanobacterial NDH-1 complexes: electron transport, CO, uptake, and
proton pumping
The four NDH-1 complexes in cyanobacteria have unique functions within the cell. The

NDH-1 complexes are comprised of two large parts: a core redox module (NDH-1M) that is
common to all four variants of the complex and one of four distal modules that vary to make the

different complexes that each participate in electron flow, and are hypothesized to couple the
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redox activity in the core module to the distal subunits for proton pumping. (Fig. 2). Both the
core redox module and the distal modules are multi-polypeptide protein complexes consisting of
15and 2-5 polypeptides, respectively (Laughlin et al. 2019, Schuller et al. 2019, Schuller et al.
2020, Zhang et al. 2020). This core redox module contains the proteins necessary for accepting
electrons from Fd, the proteins that hold Fe-S clusters for e transport to PQ, and one of the three
putative proton pumping subunits (Zhang et al. 2004, Laughlin et al. 2019, Schuller et al. 2019,
Schuller et al. 2020). This core module attaches to the specialized distal subunits (NdhD1/2/3/4
and NdhF1/3/4) to allow for the complexes to be active (Herranen et al. 2004, Zhang et al. 2004,
Folea et al. 2008) (Fig. 2). The NDH-1 complexes are named here based on the NdhD protein
that associates with them, as each complex possesses an unique NdhD subunit. The subunits
NdhD1 or D2 pair with NdhF1 and NDH-1M to produce the NDH-1; and NDH-1, complexes
respectively (Zhang et al. 2004, Folea et al. 2008, Laughlin et al. 2019, Schuller et al. 2019). The
other two complexes are associated with CO; hydration activity and are comprised of NdhD3,
NdhF3, CupA, and CupS pairing with NDH-1M to make the NDH-1; complex, and NdhD4,
NdhF4, and CupB pairing with NDH-1M to make the NDH-1, complex (Folea et al. 2008). The
NDH-134 complexes possess the CupA and CupB carbonic anhydrase-like proteins which have
no homologs among any other known carbonic anhydrase (CA) (Shibata et al. 2001). While these
subunits are unique to cyanobacteria, the complexes as a whole have shown sequence homology
to the Complex | seen in other organisms such as E. coli, Thermus thermophilus (hereafter T.
thermophilus), and even subunits in Eukaryote complex | in organisms like Yarrowia lipolytica
and Bos taurus. The structure of these complexes had been solved earlier in these organisms than
cyanobacteria, allowing for in depth study of the mechanisms involved (Kaneko et al. 1996,
Galkin et al. 1999, Shibata et al. 2001, Galkin et al. 2006, Battchikova et al. 2011). The
structures for the cyanobacterial NDH-1 complexes have only recently been published, so
hypotheses about their mechanisms are still forming, though they are generally expected to

behave like the more well studied complex Is due to their homology (Laughlin et al. 2019,
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Schuller et al. 2019, Schuller et al. 2020, Zhang et al. 2020). All four complexes are powered by
reductant in the form of Fd, and putatively pump protons while simultaneously transferring
electrons into the plastoquinone (PQ) pool (Battchikova et al. 2011, Battchikova et al. 2011, He
et al. 2015, Laughlin et al. 2019, Schuller et al. 2019). This function allows for CEF around PSI,
which is thought to cause the production of ATP while keeping the [NADPH] relatively constant
by cycling the electrons from NADPH/Fd to the PQ pool and then back to NADPH via cyt. bef
and PSI (Fig. 1) (Battchikova et al. 2011, Bernat et al. 2011). Given the homology of the
cyanobacterial complexes to those with established and well-studied structures, one can infer that
the cyanobacterial complexes function similarly in their mechanisms. The complexes have similar
subunit composition, with residues seen to be vital to proton pumping in other organisms
conserved in the cyanobacterial complexes. The modular NdhD and F proteins are homologous to
the two proton pumping subunits most distal to the base module (Efremov et al. 2011, Efremov et
al. 2012, Sato et al. 2014, Sazanov 2015). The proton pumping subunit homologs to NdhD and F
are composed of several transmembrane helices that contain half-channels on either side of the
membrane to allow proton pumping. In addition to this, the NdhF protein and its homologs have a
long C-terminal helix that spans the length of the membrane arm. The current thinking is that the
helix functions in anchoring the membrane arm to the hydrophilic arm via interactions along the
membrane subcomplex (Wirth et al. 2016). The coupling of electron transport and proton
pumping is thought to be carried out via conformational changes that occur upon reduction of
guinone (Q) and are carried along the complex through the membrane via a series of conserved
charged amino acids along the membrane axis, gating the transport of protons across the
membrane (Wirth et al. 2016). The H*/e" stoichiometry of Complex I is under some debate,
however a consensus of 2H*/e" is generally accepted (Galkin et al. 1999, Galkin et al. 2006). The
complex has even been seen to be reversible in mitochondria, and potentially chloroplasts,
indicating a possible role as a “pressure relief valve” that is utilized to dissipate the ApH when the

difference across the membrane becomes too great, or to spend ATP to generate NADPH/Fdeq
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(Kotlyar et al. 1990, Vinogradov 1998, Strand et al. 2017). This reverse action in mitochondria is
only seen in specially prepared submitochondrial particles under specific conditions, however this
activity has been seen in vivo in organisms with unique energy budgets such as Nitrospira or
Thaumarchaea (Aleem 1966, Lucker et al. 2010, Simon et al. 2013, Konneke et al. 2014,
Chadwick et al. 2018) The energetics and mechanisms known about homologous complexes
allow the following questions to be asked about cyanobacterial NDH-1 complexes: Do the NDH-
1 complexes pump protons? Are electron transport, proton pumping, and CO- hydration coupled?
Which pathways of electron flow and sources of reductant are utilize in vivo, and how might

these pathways vary when challenged with the stress of fluctuating redox conditions?
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Figure 1. Model of electron transport and proton pumping in the thylakoid membrane of
cyanobacteria. Electron transport routes are highlighted in red, sources of protons for PMF are
shown with blue arrows, and the general reactions shown with a black arrow.
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Figure 2. The modularity of NDH-1 complexes in cyanobacteria. All four NDH-1 complexes
in cyanobacteria share a common core sub-complex that is paired with distal subunits to produce
functional complexes. The variable modules provide functions largely split between NDH-11,
complexes and NDH-134 complex which are primarily involved in CEF/respiration or CO; uptake
respectively. The Fd oxidation subunits are colored red, the quinone binding and membrane
subunits of the core module are highlighted in orange, the NdhD and NdhF proteins in green and

black respectively, and the CO. uptake associated CupA/B/S highlighted in yellow.
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Table 1. Subunits of NDH-1, notes on their function, and homologs in other organisms.

Associated
module of
NDH-1
PQ reductase
in core
module

NAD(P)H
oxidase in
core module

Fd oxidase in
core module

Subunit in
cyanobacteri

a
NdhA

NdhB

NdhC
NdhE
NdhG
NdhH
Ndhl

NdhJ
NdhK

NdhL

NdhM
NdhN
NdhO

NdhP

NdhQ

NdhS

NdhV

E. coli

NuoH

NuoN

NuoA
NuoK
NuoJ
NuoD
Nuol

NuoC
NuoB
NuoF
NuoE

NuoG

thermophilus

T. B. Y. Subunit
taurus lipolitica notes

Ngo8 ND1 NU1M PQ-binding,
half
antiporter-like
fold
Antiporter
like, proton
pumping
PQ-binding
site

Ngol4 ND2 NU2M

Ngo7 ND3 NU3M

Ngoll NDA4L NULM
Ngol10 ND6 NU6M
Ngo4 49 kDa NUCM
Ngo9 TYKY NUIM

Fd-binding
Fd-binding,
FeS clusters
NUGM
NUKM

Ngo5 30kDa
Ngo6 PSST Terminal FeS
cluster, PQ
binding
NAD(P)H
dehydrogenas
e domain
NAD(P)H
dehydrogenas
e domain
NAD(P)H
dehydrogenas
e domain

Ngol 51kDa NUBM

Ngo2 24kDa NUHM

Nqo3 75kDa NUAM

Fd-binding,
negative
regulator of
activity
Single
transmembran
e helix
Single
transmembran
e helix
SH3-like Fd
binding
domain
Fd-binding,
positive
regulator of
activity
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Distal
membrane
subunits

Carbonic
Anhydrase-
like subunits

NdhD1

NdhD2

NdhD3

NdhD4

NdhF1

NdhF3

NdhF4

CupA/ChpY

CupB/ChpX

CupS

NuoM

NuoM

NuoM

NuoM

NuoL

NuoL

NuoL

Ngol3

Ngol3

Nqol3

Nqol3

Ngol2

Ngol2

Ngol2

ND4

ND4

ND4

ND4

ND5

ND5

ND5

NU4M

NU4M

NU4M

NU4M

NU5M

NUSM

NUSM

2.3.1 Strucutre, function, and mechanism of homologous complexes
Until recently, hypotheses about the mechanism of cyanobacterial NDH-1 complexes

Antiporter-
like

Antiporter-
like
Antiporter
like, high
affinity CO;
uptake
Antiporter
like, low
affinity CO;
uptake
Antiporter-
like
Antiporter
like, high
affinity CO;
uptake
Antiporter
like, low
affinity CO-
uptake
Carbonic
anhydrase-
like, Zn
binding, high
affinity CO;
uptake
Carbonic
anhydrase-
like, likely Zn
binding, low
affinity CO;
uptake

could only be inferred from the mechanism of complex | of heterotrophs that had already been

crystalized and studied. Thanks to recent works, the structure of the Thermosynechococcus

elongatus (hereafter T. elongatus) cyanobacterial NDH-1 was solved, confirming the close relation

to the more well studied complexes, allowing the mechanism hypotheses to now be more closely

analyzed (Laughlin et al. 2019, Schuller et al. 2019). Since the mechanism has been well studied

in organisms like E. coli and T. thermophilus, the conclusions reached by them will inform some

of the tests presented in this work.
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In general, these complexes perform two functions: proton pumping and electron
transport. Since the proton pumping occurs against a pH gradient, it must be energetically
coupled. It is hypothesized that electron transfer from NADH to Quinone (Q) via FeS clusters
causes electronically based conformational changes among charged residues in the membrane
axis that allows for the deposition of protons against the pH gradient.

Complex | proton pumping

The membrane domain of complex | from E. coli had its structure determined via X-ray
diffraction by Efremov and Sazanov in 2011 (Efremov et al. 2011). Since before this point the
structure had not been determined to a degree precise enough to assign sequences to the trans-
membrane helices, this work allows for the sequence/structure/function comparison of this
complex to homologous complexes in other organisms, including cyanobacteria. In this work,
they attain a resolution of 3.0A, allowing for the group to observe the placement of residues
within the helices. The two subunits NuoM and NuoL are located distally within the membrane to
the hydrophilic subunits and are homologous to the NdhD and NdhF proteins of cyanobacteria
respectively, and Table 1 shows the nomenclature differences between the species, along with
their known and hypothesized functions. An important not here is that while the different versions
of the NdhD/F proteins are homologous to NuoM/L and Nqo13/12, the Nuo and Ngo proteins
lack specialized abilities like CO; uptake. After determining the structure, they mapped out the
locations of various residues and utilized previous works to determine their effects on proton
pumping and the putative functions they may have in translocating protons across the membrane.
They saw that none of the channels seen are solvent accessible from both sides of the membrane,
indicating there is some sort of gate between the channels. In the structure, they saw that each of
the proton pumping subunits is comprised of 14 transmembrane (TM) helices, with NdhF having
additional 15" and 16™ helices that traverse the entire membrane domain, parallel to the plane of
the membrane of the complex, and anchor it to the subunits near the hydrophilic domain. The

common helices are grouped into a highly conserved core (TMs 4-13) and then the less conserved
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TMs 1-3 and 14. In the conserved core, TMs 4-8 and 9-13 can be superimposed upon one another
by a rotation of ~180° along the axis lying in the membrane. The structures of the helices are
conserved throughout both mitochondria and bacteria (Efremov et al. 2011, Baradaran et al.
2013, Wirth et al. 2016). TMs 7 and 12 are symmetrically related, and both contain helices that
are interrupted by a 5-7 residue loop in the middle of the membrane. These loops contain a
conserved proline and are important for proton/ion transport because they introduce flexibility
and charge into the center of the membrane (Screpanti et al. 2007). Partial charges are introduced
into the middle of the membrane through positive and negative dipole ends at the N and C termini
of the helices respectively. Unlike typical a-helices, the internal hydrogen bonds of the backbone
of the extended peptide in the discontinuous helices are not fully saturated, thereby helping to
increase polarity at the center of the membrane and creating a space for ion binding. Other polar
residues can also be used to help stabilize ion binding (Screpanti et al. 2007). TM8 lies at the
interface between the proton tunnels created by TMs 7 and 12, and it contains a proline-less kink
that disrupts local secondary structure via a t-bulge. These are seen in some protein active sites,
and is hypothesized to connect the two half-channels in the NuoL and NuoM proteins by utilizing
the charged residues and the flexibility inherent in a -bulge (Cooley et al. 2010, Efremov et al.
2011, Sharma et al. 2015, Di Luca et al. 2017). They saw that the channel formed by TM7 is
accessible to the cytoplasm and that the channel formed by TM12 is accessible to the periplasm
(this would be the thylakoid lumen in cyanobacteria since the complexes localize to the thylakoid
membrane). In their analysis, they concluded that conformational changes in the Q-reduction
subunits that are proximal to the hydrophilic subcomplex upon reduction by NADH can be
transmitted to the membrane subunits of the core complex, and then transmitted further by the
long helix of NuoL (NdhF) to TM7 of NuoN (NdhB), NuoM (NdhD), and NuoL itself (Efremov
et al. 2011, Sharma et al. 2015, Di Luca et al. 2017, Fedor et al. 2017). This notion seems to have
been abandoned for an explanation involving conformational changes starting at the Q-binding

site and propagating down the membrane arm via an axis of charged residues in the center of the
19



membrane (discussed below). Protonation of LysTM7 occurs in the oxidized state by connection
to the cytoplasm, and upon reduction, LysTM7 and GIuTM5 move away from each other, forcing
the donation of a proton to the link between the half channels, and then to Glu/LysTM12 which
remains protonated, potentially from a combination of local conformation changes and/or
interaction from the neighboring subunits’ TM5. When the conformation returns to the oxidized
state, the proton is ejected from Lys/GIuTM12 and LysTM?7 is protonated to reload the pump
(Sazanov 2015, Haapanen et al. 2018). These Glu and Lys residues are highly conserved in the
cyanobacterial homologs to these proteins.
Coupling electron transport to proton pumping

Many efforts have been made by various groups to determine the mechanism by which
NDH-1 complexes couple proton pumping to electron transport, however the specifics remain
somewhat difficult to determine. Based on the structural information gained thus far, explanations
have been provided for the mechanism of complex I (Baradaran et al. 2013, Sazanov 2015,
Sharma et al. 2015, Di Luca et al. 2017, Fedor et al. 2017). One of the most challenging aspects
of developing an explanation for the mechanism of complex | is answering the question: how is a
redox reaction coupled to proton pumping that occurs up to 200A away? The predominant
explanation in the literature states that initially in complex I, NADH donates an electron to FMN,
then through FeS clusters down to quinone. Since only one e” can be transferred by each FeS
cluster, and most of the FeS clusters are reduced in physiological steady state, it is thought that
the rate limiting step is the binding and release of quinone (Fedor et al. 2017). The terminal FeS
cluster is coordinated by 4 Cys residues. One pair is uniquely consecutive in the sequence, since
in most FeS coordinations the Cys residues are separated spatially (Berrisford et al. 2009,
Sazanov 2015). This results in interesting geometry, where one of the consecutive residues will
disconnect from the cluster upon reduction of the FeS cluster. The midpoint potential of this
cluster is pH dependent, therefore its reduction is thought to be related to proton binding (Ohnishi

1998). The disconnected Cys upon reduction is thought to result in a significant conformational
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change in nearby helices. This may also be driven by the binding and protonation of the quinone,
releasing it only when the conformational changes and proton pumping have been completed.
Under the current hypothesis, reduction of quinone triggers a conformational change of charged
residues to occur near the quinone binding pocket. A heavily conserved part of this pocket,
NuoH, not only helps bind quinone, but also composes a part of one of the four proton pathways
through complex | (Sazanov 2015). This proximity allows for the hypothesis that
reduction/protonation of the quinone triggers the proton pumping action of complex I, since
NuoH is both a part of the charged membrane axis and the quinone binding site. The charged axis
is located in the middle of the membrane and the residues are located in the proton channels or
areas that connect them, and at/near their discontinuous helices (Sazanov 2015). The
conformational changes occurring at NuoH are hypothesized to initiate the cascade of

conformational changes that allow proton pumping.

In general, proton translocating channels have some common traits. They have chemical
groups that have a tunable pKa, and a switch that allows the channel to be opened and closed for
proton translocation (Wang et al. 2009, Sazanov 2015, Wickstrand et al. 2019). In NDH-1
complexes, it is thought that an axis of 5 Lys residues and one Glu residue lie within the
membrane and are present in the center of each half channel in the proton pumping subunits, and
they have their pKa, and therefore their protonation state, regulated by Glu in TM5. TM5 is
thought to be able to move via conformational changes such that the Glu residue is able to affect
the pKas of the cytoplasmic side pathway within the same subunit (TM7 channel), or the
periplasmic side pathway of the neighboring subunit (TM12 channel). The origin of this
conformational change is thought to reside in the quinone binding subunits, which start the chain
of charged residues to the highly conserved residues of the membrane subcomplex. The charged
residues are arranged along an axis that runs parallel to and in the middle of the membrane

subcomplex, allowing the complex interaction of charged residues from neighboring subunits to
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accomplish proton pumping. Included in these subunits are 3 proteins that are related to the Mrp
Na*/H* antiporters, and likely each pump one proton per 2e- donated. The fourth proton is likely
transported by a similarly constructed channel that is comprised of four protein subunits, some of
which also function in quinone binding. The subunits may even be able to re-distribute protons
that have been accumulated via routes that connect the subunits, potentially overcoming the
relatively high [H*] of the cytoplasm compared to the periplasm. The periplasmic side of each
antiporter-like subunit, on the other hand, only has one putative proton extrusion route, TM12,
which seems to control the extrusion of protons on that side of the membrane. It was
hypothesized that electron transfer to the quinone from the terminal FeS cluster initiates a cascade
of conformational changes in a charged tunnel that culminates in a Glu-Asp quartet, which can
then interact with the nearest Mrp-like antiporter subunit, which in turn can interact with the
further away antiporter-like subunits via ProTM12-GIuTMb5 interactions between neighboring
subunits. To summarize the hypothesized mechanism: upon reduction of quinone, conformational
changes occur along the charged axis. The LysTM7 residues open to the cytoplasm are thought to
be protonated in the oxidized state of the enzyme. The conformational changes induced by
guinone reduction closes the cytoplasmic side of the channels and moves GIuTMS5, thereby
moving TMs 7 and 8 close enough to allow proton transfer, and then to Lys/GIUTM12 in the
periplasmic/lumen side channel. The proton is ejected upon a return to the oxidized state and the
pump is primed with protons again. This accounts for the transport of three protons, the fourth
likely goes through a similar process, however its path passes near the Q-binding domain.
Observing the conserved residues in sequence and structural homology models can allow the
determination of which residues may be important in modulating the pKa of the charged residues

within the proton pump channel, and how these channels are gated.

The quinone binding site is located proximally to the hydrophilic subcomplex and is

composed of several subunits. Currently, it is thought that the hydrophilic arm accepts electrons

22



from NADH (or in the case of cyanobacteria, Fd (He et al. 2015, Laughlin et al. 2019, Schuller et
al. 2019, Zhang et al. 2020)) and then passes them down the FeS clusters to the Q-reduction site,
deep within the Q-binding subunits, and on to quinone for quinol formation (Wirth et al. 2016).
According to previous data, it takes about 100us for electrons to travel to the terminal cluster near
the Q-reduction site, while the enzyme turnover rate is on the millisecond scale (Verkhovskaya et
al. 2008). EPR data has shown that the redox chemistry of reducing quinone is a stepwise process
with energetic barriers between each step to stabilize the radical intermediates formed during the
reduction. To explain this, the two-state stabilization change mechanism has been proposed
(Brandt 2011). This mechanism states that quinone reduction and proton pumping are strictly
separate events, and that energy released during the stabilization of the quinone radicals drives
conformational changes near the Q-reduction site that are passed on via charged residues to the
rest of the complex, thereby allowing proton pumping. It also suggests that the FeS clusters serve
as a reservoir for electrons to be passed along to the next step as they are needed, keeping the
redox poise of the system at ~-250mV or less. This cycling between an electron
transporting state (E-state) and proton translocating state (P-state) is thought to be the main
mechanism behind the coupling of electron transport to proton pumping. Because not only the
proton pumping subunits, but the electron transport subunits are well conserved in cyanobacteria
(Laughlin et al. 2019, Schuller et al. 2019, Schuller et al. 2020), similar constraints can be
applied to observe how these complexes might behave.
Stoichiometry of complex I electron transport coupled to proton pumping

The stoichiometry of the NDH-1 complex’s redox coupled proton pumping is currently
under debate, with the complex either pumping 4 protons per NADH or 3, depending on the
experimental conditions utilized (Wikstrom et al. 2015). In 1999, the Galkin et al group (Galkin
et al. 1999) prepared submitochondrial particles and utilized pH dependent dyes to measure the
absorbance change in the solution and inside the particles, allowing determination of the rates of

acidification and alkalization of the prepared particles. Then, utilizing a series of inhibitors,
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teased apart the signal obtained to determine the H*/2e" ratio in bovine heart mitochondria.
Utilizing this method, they obtained a ratio of 4H*/2e", or 4H*/NADH. The Galkin et al group
(Galkin et al. 2006) additionally isolated complex | from the fungus Yarrowia lipolytica
mitochondria, then produced proteoliposomes containing the complex. They first measured the
stoichiometry in intact mitochondria using methods in the 1999 paper, confirming a ratio of
4H*/2e". Then, utilizing a dye called oxonol VI, they measured the red shift in the spectrum,
which indicates an accumulation of protons inside the proteoliposomes by accumulating to the
lipid phase when the inside of the proteoliposome is positively charged. The amplitude of the
oxonol response is indicative of the electric potential across the membrane, was seen to be
responsive to additions of NADH to the medium, and was essentially proportional to the
concentration of NADH added. Utilizing the rate of the decay of the pH gradient after NADH
addition, indicating protons re-entering the external media from the Q pool, it is possible to obtain
the stoichiometry ratio by dividing by the concentration of NADH added. When this was done
with the proteoliposomes, they found that the ratio varied depending on the amount of NADH
added. In values below the kn, the rate was seen to be closer to 2H*/2e", while in concentrations
near/above the kn, the rate was seen to be about 4H*/2e". This works with the structural data,
since the model proposed by Efremov and Sazanov (Efremov et al. 2011) includes four
antiporter-like channels in the membrane domain, with one comprised of two proteins residing
proximally to the hydrophilic domain. Works by Wikstrom et al (Wikstrom et al. 2012) have
predicted a ratio closer to 3H*/2e” based on known energetics of the redox span of NADH usage
and the energy stored in the proton gradient in rat mitochondria (Wikstrom et al. 2012). In order
to achieve a ratio of 4H*/2e" the redox span of NADH must be larger if the proton gradient energy
is accepted, or the proton gradient energy must be considerably lower if the redox span of NADH
is accepted. They also argue that since the measurements done previously have issues in
performing their experiments in non-physiologically relevant conditions, the proton gradient

energy may fluctuate, allowing the ratio to reach 4H*/2e". This author also points out studies
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where ATP synthesis is considered in the energetics equation, determining the proton pumping
ratio in complex I of both sub-mitochondrial particles and in whole E. coli cells. The group
utilized an equation relating the known energetics of ATP synthesis (8 protons per 3 ATP, or 2.67
H*/ATP), the ATP/2e" ratio determined from rat mitochondria, and the H*/2e" ratio. They
determined that with these constraints, a ratio of 3H*/2e” provides 97% coupling efficiency, while
a ratio of 4H*/2e" provides only 73%. This group hypothesizes that the presence of the putative
pump proximally to the hydrophilic arm of complex | acts as a proton pump channel only under
conditions in which the proton motive force is low. By understanding the stoichiometry and rates
of H*/e transport in the cyanobacterial complexes, their contributions to photosynthesis and their
mechanisms, especially that of CO, hydration, may be studied in the future.

2.3.2 Functions of cyanobacterial NDH-1 complexes

The cyanobacterial NDH-1 complexes participate in some very important energetic processes in
the cell. They participate in CEF around PSI, consuming reductant from the NADPH/Fd pool and
putatively pumping protons to help balance the NADPH/ATP ratio, keeping the pools from
getting over-reduced. This action is thought to be coupled to the known reduction of the PQ pool
by the consumption of that reductant. In addition to this, two of the four complexes possess
unique subunits (CupA/CupB) that perform CO- hydration, an action not yet seen in any other
phylum’s NDH-1 complexes. The mechanism behind this action is unknown, and the Cup
proteins have no homology to known carbonic anhydrases which perform the same reaction,
making them somewhat difficult to study, though recently structures have been proposed for these
complexes that will ease mechanistic studies. Because these proteins are associated with the
variable membrane pieces of the NDH-1 complexes, it may be possible to use the more well
studied E. coli and T. thermophilus complexes to design point mutations in the membrane
subunits to address questions about the relationship between CO- hydration and the putative

proton pumping subunits.
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Cyclic electron flow and respiration

In respiratory heterotrophs, complex | is a member of the respiratory electric transport
chain. In photosynthetic organisms, NDH-1 complexes not only do this, but also possesses a
unique function within the thylakoid membrane, that of CEF around PSI. To study some of the
roles these complexes have in CEF, Bernat et al (Bernat et al. 2011) performed a series of
experiments to answer the following questions: Are NDH-13,, complexes involved in CEF around
PSI? Which is the major respiratory pathway to PQ? How do the pathways interact? To answer
these, they analyzed P700" oxidation and reduction kinetics to observe respiratory and cyclic
electron transport rates in various mutants. To separate the components of electron transport, they
utilized far red light to select for activity of PSI over PSII. Both the maximum oxidation during
the light pulse and the subsequent dark reduction give information on electron transport through
the PQ pool and cytochrome bef. To isolate cyclic, PQ reducing, and PQ oxidizing respiratory
routes, they utilized a suite of inhibitors that specifically block the electron pathways at key
locations. They posit that the rate of P700* rereduction, ki, should reflect the difference between
electron transport rates into and out of the PQ pool, represented by the equation: ki = ka + ks — Ke.
where ka represents NDH-1 dependent PSI mediated electron transport, ks represents electrons
transport from metabolic sources to PQ via NDH-1/SDH, and kc represents electron flow from
PQ to O, mediated by terminal oxidases. In the presence of KCN, kc is blocked, therefore the
P700* kinetics, ko, reflects ka + ks = ko, and the difference between ki and k- reflects the electron
transport rate through kc. Electron donation from PSI to the PQ pool was inhibited by utilizing
the PSI electron acceptor methyl viologen. Pairing this with KCN allows probing of only the ks
route, with a rate constant equal to ks. Subtracting this from k; gives the rate constant through Ka.
These rate constants were then utilized to calculate the electron transfer rates of the separate
pathways. When they measured the oxidation of P700" upon far red illumination, they saw that

electron transport rates were similar to the wild type in mutants AndhFs or AndhFiz/4, but faster
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in the mutant only lacking ndhF,, indicating highly efficient P700* oxidation in the last mutant. In
contrast, the reduction kinetics were similar in the wild type and AndhF1, but faster in the
AndhFs/s mutant, and very slow in the AndhFyz4 mutant. The reduction kinetics measured for
these mutants show inhibition of respiratory electron flow to PQ in all cases of NDH-1
inactivation. Addition of KCN lowered P700* oxidation levels and produced a slower rise and
faster decay than without the inhibitor in the wild type, AndhFs, and AndhF; mutants, indicating
a more reduced PQ pool in the presence of KCN, showing a significant transport of electrons to
O, via terminal oxidases in these strains. In contrast, the AndhFyz4 mutant was unaffected by
KCN, showing a low rate of respiratory electron transport. When methyl viologen was added to
the KCN treated cells, P700* oxidation was relatively unaffected in the wild type, AndhFz4 and
AndhFy34 resulting in nearly identical k> and ks values for these strains. These high ks values for
the wild type an AndhFs4 indicate a high capacity for electron donation from metabolites to PQ.
Contrastingly, the rate of oxidation of P700* in the AndhF; was increased, and the rate of
reduction in the dark was decreased, indicating a strong suppression of electron flow from
respiratory routes and very active cyclic transport through the NDH-13,4 complexes. Since cyclic
routes are minor contributors to P700" reduction in the wild type and AndhFz4 mutant, the
contribution of the PQ reducing pathways appears flexible and potentially dependent upon other
pathways. The authors suggest that electron flow in different routes may suppress one another or
become activated when a pathway is closed. Earlier work in probing the cyanobacterial NDH-1
complexes and their participation in CEF by observing P700* kinetics has been performed with
mutants lacking the gene for the vital core subunit ndhB (therefore lacking all NDH-1
complexes), and in conditions of high and low C; (Mi et al. 1992, Deng et al. 2003). The Mi et al
(Mi et al. 1992) group observed that the NDH-1 complexes are the major electron donors to PSI
in CEF dependent on metabolically generated reductant, providing a base for further exploration
of the contributions of these complexes. The Deng et al (Deng et al. 2003) group observed that

the abundance and activity of NDH-1 complexes increases in low CO; conditions. The Ohkawa et
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al (Ohkawa et al. 2000) group showed that the deletion of the NdhB subunit in the core redox
module abolished CO, uptake and the ability to grow at air levels of CO,, requiring
supplementation. This provides some evidence that the CO. hydrating NDH-1 complexes

contribute to CEF.

The NDH-1 complexes not only participate in CEF, but also in the respiratory electron
flow (REF). Cyanobacteria have an interesting energetics problem in the thylakoid membrane:
both photosynthesis and respiration utilize the PQ pool, and occur in the same membrane/lumen
system! If both were active at the same time, the PQ pool could become over-oxidized. To get
around this, cyanobacteria appear to regulate their respiratory machinery by light intensity
(Mullineaux 2014), with respiration increasing in lower light intensities and darkness. There are

several components to REF, including the NDH-1 complexes, SDH, cyt bef, and COX.

The NDH-11,, complexes are the primary participants in REF among NDH-1 complexes,
but actually make up a smaller proportion of the total REF compared to Succinate Dehydrogenase
(SDH) (Cooley et al. 2001). which catalyzes the conversion of succinate to fumarate in the TCA
cycle. In cyanobacteria, the same PQ pool is used for both PSET and respiration and are utilized
by the “light” and “dark” reactions respectively (Nagarajan et al. 2016). Cooley and Vermaas in
2001 (Cooley et al. 2001) utilized chlorophyll fluorescence, oxygen consumption assays,
determination of the concentrations of TCA cycle intermediates, and reduction states of the PQ
and NAD(P)H pools to observe the contributions of SDH, NDH-1, and NDH-2 to respiratory
electron flow. In their work, they saw that the NDH-1 complexes contribute to about 5-10% of
respiratory electron flow. The majority of respiratory electron flow is contributed by SDH, and in
fact a lack of carbon skeletons appears to be the reason the PQ pool is hyper oxidized in NDH-1
deletion mutants since the oxidation is rescued by the addition of succinate (Cooley et al. 2001).
Their work implies at least two things about the NDH-1 complexes: 1) NDH-1 complexes are not

the major contributors to respiratory electron flow; 2) The availability of carbon skeletons is
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partially dependent upon the activity of NDH-1 complexes. This is likely due to the CO,
hydration activity of the NDH-134, complexes, as their deletion causes mutants to be perpetually
carbon starved (Artier et al. 2018). While their contribution to the reduction of PQ may be
minimal compared to SDH in terms of respiration, it is clearly important for helping to manage
the PQ pool and FA/NADP(H) pool reduction states. While the SDH complex does not directly
contribute to the formation of ApH, it does contribute to the reduction of the PQ pool, which can

be utilized by the cyt. bef complex in a Q-cycle to deposit protons on the P-side of the membrane.

The cyt. bef complex is a major enzymatic junction between PSET/CEF and respiration. It
performs the action of removing electrons from the PQ pool and passing them along to either PSI
or a terminal oxidase such as Cytochrome ¢ oxidase (COX) utilizing electron carriers (Nagarajan
et al. 2016). Because it is at this intersection and both processes utilize many of the same
components, there must have tightly controlled electron flow toward either PSET or respiration.
According to Nagarajan and Pakrasi in 2016 (Nagarajan et al. 2016), the electron transport
capacities of the various components were compiled, and it was seen that PSI has the highest
capacity of electron transfer (umol electrons h™* (mg Chl)1), while PSII and cyt. bsf have ~1/3 the
capacity of PSI, but 5x the capacity of SDH and COX, and 50x the capacity of NDH-1
complexes. Because of the inherent flux capacities, when light intensity is high there is more flow
through PSII/PSI, while when light is limiting the respiratory pathway can utilize the available
electrons faster than the PSET pathway. This allows for the expression of both systems
simultaneously and gives the cell adaptability to best utilize its electrons depending upon the
conditions it’s faced with. Another part of the regulation may be pH sensitivity of the cyt. bef
complex, which, in plants, is seen to become inhibited at lower pH observed at high light

intensities (Kramer et al. 1999).

The heavy contribution of the NDH-11, complexes to CEF makes these complexes a

prime target for mutation and analysis of their proton pumping efficacy. If CEF drives proton
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pumping, and the removal of NDH-11,, complexes results in reduced CEF, then CEF-driven
proton pumping should similarly be reduced by the deletion of these complexes. In fact, this was
observed, as discussed further in Chapter 1V. While this addresses some of the activity of the
NDH-11,, complexes, it does not say much about the activity of their cousins: the CO, hydrating
NDH-134 complexes.
Cyanobacterial NDH-1 complexes and the CO, concentrating mechanism

The unique copies of the NdhD and F (NdhDs//NdhF3.4) proteins along with their
counterparts CupA and CupB allow for cyanobacterial NDH-1 complexes to have a function
unique to the phylum: CO; hydration (Shibata et al. 2001, Maeda 2002). There are two CO;
hydration sub-complexes that perform this action, and they are distinguished by 2 general factors:
their affinity/vimax, and their regulation. The constitutive complex, NDH-14, has low affinity and
high Vmax, While the low C; inducible NDH-1; complex has high affinity and low vimax (Shibata et
al. 2001, Maeda 2002, Artier et al. 2018). The components of each complex colocalize in to the
thylakoid (Zhang et al. 2004), and the genetic components of the NDH-13 complex,
ndhF3/ndhD3/cupA/S, are found in an operon and are transcriptionally repressed by the LysR-
type regulator NdhR in C; replete conditions (Wang et al. 2004). The components of the NDH-1,4
complex, however, are somewhat more dispersed in the genome. The genes ndhF4 and ndhD4 are
located together and are expressed as an operon, but cupB is located elsewhere. In both
complexes, all the components are required for their CO, hydration action (Ohkawa et al. 2000,

Shibata et al. 2001), implying a functional relationship in their association.

Not only have these complexes shown that they perform CO; hydration, but they also
participate in CEF, returning electrons to the PQ pool, though at a much slower rate than occurs
in the NDH-11,> complexes (Bernat et al. 2011). This electron transport activity is hypothesized to
be coupled to proton pumping not only in the respiratory-like complexes, but the CO- hydration

complexes as well since there is such high homology between the membrane subunits of the
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complexes. Since CO; hydration is a carbonic anhydrase like activity, it was investigated whether
the Cup proteins were related to known carbonic anhydrases (Shibata et al. 2001). Alas, it was
shown that they do not share an evolutionary history with known carbonic anhydrases, making
the hypothesis of the mechanism more difficult. Recently, the CupA/S proteins’ structures were
solved with Cryo-EM along with the rest of the NDH-13, complex, and the active site of CA
activity was seen to be quite different from the traditionally studied CAs, possessing an Arg
residue near the Zn*2 binding site. While the mechanism of the Cup proteins remains a mystery
for now, this structure will help develop point mutation targets for the exploration of this unique
activity. The Cup proteins share sensitivity to the same inhibitors as CAs, and they also catalyze
the same reaction. Because of these shared traits, the general reaction model of known carbonic
anhydrases can be used to hypothesize the mechanism of Cup, and when doing that the rate
limiting removal of a proton to regenerate the enzyme reaction becomes interesting to the idea of
CO; hydration coupled to electron coupled proton pumping The hydration of CO is thought to
occur as a nucleophilic attack of the Zn-OH" on CO, occurring in a two-step ping-pong
mechanism (Baird et al. 1997). The binding of CO; in the hydrophobic region near the Zn
promotes nucleophilic attack by Zn-OH- forming HCOs', which is later displaced by the random
diffusion of water to the active site. The transfer of a proton from the bound water at the Zn to an
acceptor in the bulk solvent is the rate limiting step, and is required to regenerate the hydroxide
needed for attack of the next CO, molecule (Baird et al. 1997, Boone et al. 2014). Since this step
is rate limiting and vital to the priming of CA after the catalyzed reaction, it is important that
there is a proton acceptor outside the CA to help drive the reaction toward CO- hydration. The
removal of the proton from the bound water occurs on the order of 10° s* (Boone et al. 2014).
Because the removal of the proton from the bound water is so important to the cycle of the
enzyme, and CupA/B require NdhDs/Fz4 to function, it is reasonable to hypothesize that the
NDH-134 complexes utilize their proton pumping activity to pull the CA reaction of the Cup

proteins toward CO; hydration by removing the Zn-bound water’s proton, allowing formation of
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Zn-OH". While the mechanism will not be explored here, it will be demonstrated by this work that

the NDH-134 complexes are involved in proton pumping to at least some degree.

2.4 Questions and goals
The cyanobacterial NDH-1 complexes are vital for the maintenance of the cell’s

energetics, and function not only to balance the ATP/NADPH ratio, but to help ensure a high
concentration of C; within the cell for carbon fixation. While it has been assumed because of their
homology to the proton pumping Complex I, the connection between their known electron
transport activity to proton pumping has been little explored. The variety of NDH-1 complexes in
cyanobacteria allow for several questions to be asked about their activities: Does CEF power
proton pumping through NDH-1? Do each of them contribute to PMF formation? Is the
contribution of the respiratory-like complexes to PMF greater than the CO; hydration complexes?

How is Fdreq produced to power NDH-1 proton pumping?

The hypotheses here are that CEF drives proton pumping; respiratory NDH-11,, complexes are
the primary drivers of CEF proton pumping; that CEF is unable to fully compensate for the loss
of LEF; that NDH-1 complexes, powered by Fdr.q produced by FNRs, is an important part of
acclimation to fluctuating light conditions; that FNR_ is able to power this, but requires longer

illumination periods to do so. The aims of this study were:

o Develop an Acridine Orange based fluorescence assay to measure the establishment and
dissipation of PMF generated by photosynthetic activity.

e Utilizing mutants defective in NDH-1 complex activity along with inhibitors to observe
the contributions of the NDH-1 complexes to PMF.

o Utilize mutants defective in FNRs or FNR_ to observe the impacts the different isoforms
have on the PQ and NADPH pools while also observing their impacts on proton pumping

during fluctuating light conditions.
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CHAPTER IlI

METHODOLOGY

In general, results reported were obtained with three biological replicates, with technical
replicates noted. Standard Deviation (SD) was calculated for the necessary measurements, and is

reported with the tables. Graphs plotted and best fit lines calculated using Kaleidagraph software
(Synergy).
3.1 Culture and growth conditions

For general culture maintenance, cells were struck on to standard BG-11 medium (Allen
1968), pH8 supplemented with 20mM HEPES-NaOH and 1.5% agar. The Wild Type (WT) was
maintained without antibiotics at air-level CO2, 30°C, with ~50 uM photons/m?/s provided by
Cool White Fluorescent lamps. The deletion mutants were maintained with appropriate
antibiotics. Antibiotics were utilized at the following concentrations: Spectinomycin (Sp) 25
pg/mL; Kanamycin (Km) 25 pg/mL; Gentamycin (Gm) 7 pug/mL (agar plates) or 1 pg/mL (liquid
cultures). Deletion mutants were grown under the same external conditions as the WT except for
the M55 mutant, which required growth in a chamber supplemented with 5% CO.. For growth in
shaking flasks, cells were grown in BG-11 pH8 supplemented with 20mM HEPES-NaOH at 30°C
with ~50 uM photons/m?/s provided by Cool White Fluorescent lamps. For mutants, appropriate

antibiotics were provided, and M55 was bubbled with 5% CO; by passing
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water bubbled 5% CO- through a sterile 0.2 um filter (Whatman polydisc TF filter, GE
Healthcare) and through a sterile tube to bubble the culture as it was shaken. Liquid cultures were
grown to OD7s0 ~0.7-1.0 for physiological measurements. For plates, a clear plastic box with a
sealing door and shelving was used, and the CO; gassing system hooked up to a port on the side

of the box. Similar light intensities were achieved in the CO; box.

Absorbance spectra and optical densities were performed with a UV-Vis Scanning

Spectrophotometer (UV-2101PC, Shimadzu, Japan).

3.2 Strains and molecular constructs
Details for the construction of strains for each study are detailed in their chapter’s

methods section. In general, PCR reactions were performed with the Q5 High Fidelity 2x master
mix (NEB) following manufacturer instructions. The Gibson Assembly technique (Gibson et al.
2009) utilizing a commercially available kit (NEB). Escherichia coli (E. coli) DH5a (NEB) cells
were used for general plasmid maintenance and for receiving constructed plasmids. Plasmids
were isolated from E. coli with the E.Z.N.A. ® Plasmid Mini/Midi kits (Omega, Bio-tec).
Restriction enzymes employed were used according to their manufacturer specifications (NEB).

Molecular constructions were confirmed by PCR.

The cyanobacterium Synechocystis sp. PCC 6803 (here Synechocystis, Genbank
GCA_000009725.1) was used as the wild-type (WT) organism in the physiological experiments
as well as the background strain for mutant construction. To transform Synechocystis, the basic
protocol from Eaton-Rye 2011 (Eaton-Rye 2011) was used, with some slight modifications. WT
or mutant cells were grown from colonies in 200mL cultures in 250mL flasks with their
appropriate antibiotics and gassing to an ODyso of greater than 0.2 but less than 0.5. The cells
were then pelleted at 4000xg for 10 minutes and resuspended in 1-2mL of sterile BG-11 media.
The ODysp of the resuspension was measured, and the proper dilution calculated to make

transformation reactions of 0.5mL with an ODyso of 2.5. The cells were then added to appropriate
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aliquots of BG-11, along with 2-10ug of plasmid DNA in 2-10uL and incubated at 30°C in ~50
umol m2 s light for 3 hours, shaken gently, and incubated for 3 more hours. At the end of this
period, the 0.2 pum Whatman filters were placed onto BG-11 containing either no antibiotic (in the
case of the WT), and appropriate antibiotic (for mutants), and 200uL of cells plated on each plate.
The plates were then incubated overnight in ~50 pumol m2 s of light with CO; gassing in the
case of mutants that need it. After ~18h, the filters were transferred to “low antibiotic” plates
(5png/mL Km and Sp) and incubated in the light with CO, gassing until colonies arose after ~10
days. Colonies were then picked and struck out onto “moderate antibiotic” plates (12pg/mL Km
and Sp) and grown for ~7 days. Colonies were then picked again and struck out on full antibiotic
plates (values listed above) for two more weeks. Colony PCR was then performed to check
whether deletion or integration had occurred completely, or if the strain was not yet segregated.
Segregation was confirmed by extracting the genomic DNA using the Quick-DNA™
Fungal/Bacterial Kit (Zymo Research) from 100mL of shaking culture and utilizing PCR to check
the deletion of the gene. DNA was quantified using both a NanoDrop 1000 (Thermo) and

comparing band intensity to the 1Kb Plus DNA Ladder (Invitrogen) on a 1% agarose gel.

3.3 Cell sample preparation
100mL cultures between ODso ~0.7-1.0 were collected by centrifugation at 6000xg for

10min at RT for use in both acridine orange and chlorophyll fluorescence assays. Cells were then
washed in 50 mM tricine with either 25 mM NaCl or 25 mM KCI (TCN and TCK buffer
respectively) depending on the experiment. Cells were centrifuged again and resuspended in
TCN/TCK buffer and their chlorophyll (Chl) concentration checked by spectrophotometry
utilizing the extinction coefficient 12.95 (Ritchie 2006). Cells were diluted to 5.9 pg Chl/mL in
20-25 mL in a small Erlenmeyer flask. For samples preparing for Acridine Orange (AO)
fluorescence measurement, 5uM AO was added to the sample and it was allowed to incubate

gently shaking in the dark for 20min to allow uptake of the dye (Teuber et al. 2001). For samples

35



preparing for chlorophyll fluorescence measurement, they were simply allowed to shake in the

dark gently for 5min before measurement.

3.4 Chl and NADPH fluorescence
Changes in PSII activity and the redox state of the PQ pool were assessed by variations in Chl

fluorescence upon illumination. Assays were performed as previously described (Holland et al.
2016) with the variation that assays were carried out with cells suspended in TCN or TCK buffer.
Cells were diluted to 5ug Chl/mL in the measuring cuvette by the addition of extra TCN or TCK
buffer. The DualPAM-100 (Walz, Germany) was used to measure the fluorescence of Chl a and
NADPH over time courses. The pulse amplitude modulated (PAM) fluorometer included an
attached emitter-detection-cuvette assembly (ED-101US/MS) with a DUAL-DR mode. The
fluorometer contains a single red (620nm) LED measuring light as well as an LED array (COB,
24 reds, 635nm) for actinic light (AL) as well as saturating pulses (SP) and multiple turnover
flashes (MT), though only MTs were used in these experiments. The 9-AA/NADPH module was
attached to the fluorometer, allowing for the detection of NADPH fluorescence as well as the
fluorescence of some pH sensitive dyes such as 9-aminoacridine or acridine orange. The DUAL-
ENADPH (emitter) with a 365nm measuring light (ML) was set up at a 90° angle from the
DUAL-DNADPH (detector) with a blue-sensitive photomultiplier (420-550nm) and an ML
intensity of 20. The Chl fluorescence emitter had its ML set to an intensity of 15, and it was
located at a 90° angle from its detector. For all measurements, cells were added in the dark. Any
inhibitors were added in the dark and, regardless of inhibitor addition, the sample stirred by small
stir bar for 4min with a 1min rest after. Dark adapted cells were then measured, with either a
60sec or 10sec dark period for either the 5min illumination traces or the 15sec illumination traces,
followed by illumination with AL for the specified time, and another dark period for 200 or 40
seconds respectively. MT flashes (20,000 umol m s*) were utilized on the 5min traces before,

during, and after illumination with AL (at 15, 300, and 540 sec), and utilized toward the end of
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AL illumination for the 15sec traces (at 22sec) for measuring the proportion of available PSII (q,)
as determined by the equation: q, = (Fy, — F;)/(Fy — Fo) outlined in (Campbell et al. 1998).
The precise programs for each measurement were designed in the DualPAM-100 software on
trigger mode. Points were collected at a rate of one per millisecond, and the trace smoothed with

a running average of 100 points. 200uM KCN was added where indicated.

3.5 Acridine orange fluorescence in the DUAL PAM-100
The DualPAM-100 unit as described above was utilized to measure AO fluorescence in the dark

and over long illuminations. The parameters above applied to these measurements, with the
exception that a 534/20nm bandpass filter (Edmund Optics) was included before the DUAL-
DNADPH module’s photomultiplier, allowing for the finer detection of the wavelengths
associated with AO fluorescence. The DUAL-ENADPH module is able to excite AO
fluorescence, but to a minimal degree (Schreiber et al. 2009). AO fluorescence was measured
stirring in the dark using the same ML intensities described above for NADPH fluorescence
detection to observe the effect of inhibitor addition on dark AO fluorescence. Following the dark
measurement, a new measurement was started with the 5min illumination parameters outlined

above.

3.6 Acridine orange fluorescence in the JTS-100
The JTS-100 pump-probe spectrometer (Biologic) was utilized to measure quick changes

in AO fluorescence upon illumination with actinic light. A 534/20nm bandpass filter (Edmund
Optics) was placed between the sample and detector, and the BG39 filter (Biologic) was utilized
in the JTS-100 the measuring beam and the reference detector. A 450nm lamp was utilized for the
excitation of AO, allowing greater excitation of the dye than in the DualPAM-100. The user
interface was utilized to write a program that would measure one point per second in the dark,
and one per 100ms in the light for either 15 or 120 seconds utilizing the following programs (D,

detection pulse; G, actinic light on; H actinic light off):
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20(D1s) TG[600uE]150(98msH20usD10usG[600UE])H60(D1s)

20(D1s)TG[600uE]1200(98msH20usD10usG[600uE)H120(D1s)

The light intensity was changed as needed for light intensity dependence experiments, but 600

umol m2 st was generally used as the AL light intensity for rate determination.

Cells prepared in TCN or TCK buffer were diluted to 5 pg Chl/mL with either 1 M KCI
to 150 mM (TCN buffer) or with excess TCK buffer. Inhibitors were added in the cuvette in the
dark and were incubated without measuring for 5min. Following this, the sample was illuminated
for 15 sec with 630 nm actinic light intensities that varied from 50 to 600 pmol m2 s depending
on the particular experiment noted. In Chapter 1V, utilizing TCN buffer, samples incubated with
the background inhibitors were measured three times with a 5min dark incubation between each
measurement as minimal drift was seen on repeated measurements. This measurement was
performed at differing light intensities for the light intensity dependence measurements and was
performed at 600 pmol m2 s for other measurements. DCMU was added to the samples after the
measurements with the background inhibitors, incubated for 5min, and measured again. A fresh
sample with DCMU and CCCP was prepared for the final measurements. For the data collected
for Chapter V, cells were prepared in TCK buffer to avoid contributions of Na*/HCOs" and
Na*/H* pumps. Dark adapted samples were refreshed after each measurement to avoid light-
induced drift upon repetition of measurement under these conditions with the mutants utilized.
Each sample was given the inhibitors upon refreshing and given 5min in the dark before
measurement, and three technical replicates collected for each condition in this manner. To light
adapt samples, dark-adapted cells treated with inhibitors were illuminated with 600 pmol m2 st
actinic light for 2 minutes, followed by darkness for 5 minutes. Samples were then illuminated for
15sec with 600 umol m st actinic light. This was repeated on the same sample three times for

each condition. Averages of AQO data collected by the JTS-100 were plotted in Kaleidagraph, and
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the rates of quenching of each biological replicate were calculated by plotting a fit line through
the linear portion of data collected after 4 seconds of illumination to avoid fast changes that occur
immediately after illumination and to observe proton pumping. The rates provided by the

biological or technical replicates were utilized for statistical analysis.
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CHAPTER IV

ELECTRON FLOW THROUGH NDH-1 COMPLEXES IS THE MAJOR DRIVER OF

CYCLIC ELECTRON FLOW-DEPENDENT PROTON PUMPING IN CYANOBACTERIA

4.1.1 Abstract
Cyclic electron flow (CEF) around Photosystem | is vital to balancing the photosynthetic energy

budget of cyanobacteria and other photosynthetic organisms. The coupling of CEF to proton
pumping has long been hypothesized to occur, providing proton motive force (PMF) for the
synthesis of ATP with no net cost to [NADPH]. This is thought to occur largely through the
activity of NDH-1 complexes, of which cyanobacteria have four with different activities. While a
much work has been done to understand the steady-state PMF in both the light and dark, and
fluorescent probes have been developed to observe these fluxes in vivo, little has been done to
understand the kinetics of these fluxes, particularly with regard to NDH-1 complexes. To monitor
the kinetics of proton pumping in Synechocystis sp. PCC 6803, the pH sensitive dye Acridine
Orange was used alongside a suite of inhibitors in order to observe light-dependent proton
pumping. The assay was demonstrated to measure photosynthetically driven proton pumping and
used to measure the rates of proton pumping unimpeded by dark ApH. Here, the cyanobacterial
NDH-1 complexes are shown to pump a sizable portion of proton flux when CEF-driven and
LEF-driven proton pumping rates are observed and compared in mutants lacking some or all
NDH-1 complexes. It is also demonstrated that PSII and LEF are responsible for the bulk of light-

induced proton pumping, though CEF and NDH-1 are capable of generating ~40% of the
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proton pumping rate when LEF is inhibited

4.1.2 Introduction

NADH dehydrogenase complex I, or complex |, is a widely distributed bioenergetic
complex, with homologs seen in archaea, bacteria, and eukaryotes (Chadwick et al. 2018). The
core structure of these complexes and their subunit composition have been largely conserved
throughout these phyletic kingdoms, with the bacterial complexes possessing the fewest subunits,
and eukaryotes possessing accessory subunits, but retaining a core that is conserved across the
domains of life (Sazanov 2007, Sazanov 2015, Laughlin et al. 2019, Schuller et al. 2019, Schuller
et al. 2020, Zhang et al. 2020). These complexes are vital parts of a diverse variety of electron
transport chains and have been shown to couple proton pumping to electron transport from
ferredoxin (Fd) or NAD(P)H to a quinone to increase the proton motive force (PMF) for ATP
production in heterotrophic bacteria as well as mitochondria and chloroplasts (Matsushita et al.
1987, Galkin et al. 1999, Galkin et al. 2006, Sazanov 2007, Strand et al. 2016, Jones et al. 2017,
Strand et al. 2017). These complexes have also been shown to act in reverse to dissipate PMF
while producing low potential reductant (e.g. NAD(P)H), though this has only been observed
under special inhibitor conditions with the addition of succinate in mitochondria and
submitochondrial particles (Kotlyar et al. 1990) or in chemoautotrophic bacteria and archaea with
unique energy budgets such as Nitrospira or Thaumarchaea respectively (Aleem 1966, Lucker et

al. 2010, Simon et al. 2013, Konneke et al. 2014, Chadwick et al. 2018).

Cyanobacteria also possess complex I, however they are unique in possessing four
functional versions of complex I, and they are termed NDH-1 for NADPH Dehydrogenase 1
complex, though they have recently been shown to utilize Fd for their reductant over NADPH
(He et al. 2015, Zhang et al. 2020). Recently, the structure of two cyanobacterial NDH-1
complexes have been solved (Laughlin et al. 2019, Schuller et al. 2019, Schuller et al. 2020,

Zhang et al. 2020), covering representatives of the major functions of these complexes: Cyclic
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electron flow (CEF), respiratory electron flow, and CO, uptake. A summary of the components of
photosynthetic electron flow, their actions on proton pumping, and inhibitors utilized here are
shown in Fig. 3A. These NDH-1 complexes share a common “core” subcomplex, NDH-1M, with
modular attachments that confer a specific function, such as CO, uptake (Zhang et al. 2004,
Laughlin et al. 2019, Schuller et al. 2019, Schuller et al. 2020) (Fig. 3B). The core subcomplex
contains the redox active subunits that participate in electron transfer from Fdq to the
plastoguinone (PQ) pool, and it pairs with specific NdhD and NdhF proteins in the membrane
arm to assemble the functional complexes (Laughlin et al. 2019, Schuller et al. 2019, Schuller et
al. 2020) (Fig. 3B). These assembled complexes participate in CEF around Photosystem | (PSI)
by accepting electrons from Fdrq produced through photosynthetic electron flow and passing
them into the PQ pool (Battchikova et al. 2011, Bernat et al. 2011) while presumably pumping
protons to contribute to PMF, though proton pumping by the cyanobacterial NDH-1 complexes
had not been experimentally demonstrated until this work. The NDH-1 complexes contribute
majorly to CEF in cyanobacteria, but it has also been shown that another major route is through
succinate dehydrogenase (SDH) (Cooley et al. 2001), though its CEF activity is able to be limited
based on the illumination, inhibitor additions, and mutations in the strains measured (Ryu et al.
2003). The PQ pool electrons are then passed through the photosynthetic electron transport chain,
including cytochrome bgf Q-cycles, to pass them back to PSI and inevitably to Fdo/NADP™,
thereby keeping the redox state of [Fd..s/NADPH)] relatively constant while, it is hypothesized,
contributing to PMF to drive [ATP] synthesis. Quantitative information on the thylakoid PMF in
cyanobacteria has been obtained using electron spin resonance probes (Belkin et al. 1987) and by
measuring the distribution of radioactive pH-sensitive probes (Falkner et al. 1976, Peschek et al.
1985). These have provided a relatively consistent picture with the cyanobacterial cytoplasm at
approximately pH 7.0 and a lumen pH of about 5.0-5.5 in the dark, supported by respiration.
Photosynthetic electron transport was observed to increase the pH in the cytoplasm and decrease

the pH in the lumen by approximately 0.5 pH units each, thereby increasing the ApH by about
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one unit (Belkin et al. 1987). This would produce a lower lumen pH than the more moderate
values estimated for chloroplast thylakoids (Kramer et al. 1999), nevertheless is in line with
responses seen in plants and algae. Importantly, the electrical and proton concentration
components of the PMF, Ay and ApH respectively, were shown to be interconvertible using
classical techniques employing ionophores and protonophores (Peschek et al. 1985). The steady-
state pH of the lumen in the light appears to be regulated by various mechanisms allowing for
photosynthetic electron transport while preventing over-acidification and allowing for
photosynthesis to continue with minimal ROS production (reviewed in (Tikhonov 2013, Morales

et al. 2018)).

The four cyanobacterial NDH-1 complexes are termed here based on the identity of the
NdhD protein they possess, as each complex has an unique NdhD protein associated with it. Of
the four complexes in cyanobacteria, two of them, the NDH-1; and NDH-1, complexes, are
primarily active in CEF and respiratory electron flow (Cooley et al. 2001, Bernat et al. 2011).
While the NDH-11,, complexes share a common NdhF protein termed NdhF1, the physiological
differences between the NDH-11, complexes are largely unknown. It has been shown to that the
deletion of ndhF1 severely inhibits CEF, and that NDH-11, complexes are responsible for the
bulk of NDH-1 driven electron flow (Bernat et al. 2011). These complexes have also been shown
to form super complexes with PSI in cyanobacteria as a means of protecting against stresses such
as high light or salt or in the absence of PSII activity after treatment with DCMU, a PSII inhibitor
(Gao et al. 2016, Zhao et al. 2017). It was shown that the NDH-1-PSI supercomplex stabilizes
PSI (Zhao et al. 2017), with the function of the supercomplex likely being to consume electrons
for CEF as quickly as possible, limiting the space needed for Fdyq to diffuse (Gao et al. 2016).
This accelerated consumption of electrons is thought to act as an antioxidant mechanism in this
way, especially when stresses such as high light leads to increased Fd reduction. Recently, it was

shown that exposure to high light caused heavy accumulation of the NDH-134 complexes,
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indicating their CO; uptake activity in addition to their CEF activity may play a role in the NDH-
1 antioxidant mechanism (Zhang et al. 2020). The deletion of the NDH-11, complexes causes a
hyper-oxidation of the PQ pool, locking the photosynthetic machinery in State 1 where the bulk
of light harvesting is focused around PSII (Ogawa et al. 2013, Ogawa et al. 2015). Reduction of
the PQ pool can trigger a “state transition” to State 2, where the bulk of light harvesting is
focused around PSI. These state transitions are dependent upon the redox state of the PQ pool,
and, when the photosynthetic electron transport chain is intact, there is normally a state transition
upon the dark-light shift from State 2 to State 1 (Papageorgiou et al. 2007, Papageorgiou et al.
2011, Kana et al. 2012). This suggests that the NDH-11, complexes are important for mediating
the reduction of the PQ pool both in the dark during respiration and in the light during
photosynthesis. The tightly regulated response of cyanobacteria to these stresses highlights the
importance of this mechanism for the protection and acceleration of PSI-CEF when needed,

thereby providing electron transport pathways necessary for photosynthetic metabolism.

The other two complexes, NDH-1; and NDH-1.4, possess unique subunits that have
carbonic anhydrase activity, termed CO, Uptake or “Cup” proteins, and they participate in the
CO; Concentrating Mechanism (CCM), which functions to increase the internal concentration of
inorganic carbon (C;) to 1000-fold the external concentration, hydrating CO,to HCOs, thereby
trapping it in the cytoplasm (Shibata et al. 2001, Price et al. 2002). These two complexes differ in
their gene expression, affinity for CO,, and flux of CO, hydration, with the NDH-1; complex
being essential for growth in air (Artier et al. 2018). They contribute relatively little to CEF
compared to their NDH-11, cousins, but do still participate (Bernat et al. 2011). These
complexes require all of their unique components in order for CO, uptake to occur, and lacking
them or a component of the core subcomplex, NdhB, results in an inability to grow in limiting

concentrations of CO; (Zhang et al. 2004, Artier et al. 2018).
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Evidence of proton pumping in cyanobacterial NDH-1 complexes and their physiological
contributions to that activity will provide relevant data in terms of accounting for photosynthetic
electron flow driven proton pumping, as well as provide insight into the mechanism of the unique
cyanobacterial CO; trapping system of the NDH-134 complexes. While the e” transport activity of
NDH-1 complexes in general has been well probed (Mi et al. 1992, Mi et al. 2000, Cooley et al.
2001, Ryu et al. 2003, Battchikova et al. 2011, Bernat et al. 2011), many questions remain in
understanding the coupling of this electron transport to their potential proton pumping activity.
Do NDH-1 complexes pump protons? Is that activity light dependent? Given the multiplicity of
forms of cyanobacterial NDH-1 complexes, which are responsible for the bulk of proton pumping
activity? Does CEF couple to proton pumping? Here, a pH sensitive fluorescent dye called
Acridine Orange (AO) that locates to both the cytoplasm and thylakoid lumen (Teuber et al.
2001) was utilized to observe the formation of ApH across the thylakoid membrane in strains
deficient in NDH-1 activity. This was done alongside chlorophyll (Chl) fluorescence
measurements for the comparison of proton pumping activity with photosynthetic electron
transport activities. In this work, it is hypothesized that CEF drives proton pumping, respiratory-
like NDH-11,, complexes are responsible for the bulk of CEF driven proton pumping, and that

CEF is incapable of reaching the rate of proton pumping reached by LEF.
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Figure 3. Photosynthetic electron flow and proton pumping in cyanobacteria. Panel A. The
enzymatic components are shown, connected by arrows representing electron transfer. Blue
dashed arrows indicate contribution to PMF, and red dashed lines represent a blocking of electron
flow or proton pumping upon addition of an inhibitor. Panel B. The modularity of the
cyanobacterial NDH-1 complexes. They share a common core (NDH-1M) containing
NdhA,B,C,E,G,H,1,J,K, but differ in their distal membrane subunits, and are named based on the
proteins they possess. The variable modules provide two major functions that are largely split
between the NDH-11,> and NDH-13, complexes, which are primarily involved in CEF/respiration
and CO; uptake, respectively. The CEF/respiration complexes (NDH-Sesp) modules contain the
NdhD1 (or NdhD2), NdhF1 proteins plus smaller polypeptides, whereas the CO- uptake modules
contain either NdhD3/NdhF3/CupA/CupS for high affinity CO, uptake or NdhD4/NdhF4/CupB/

for low affinity CO- uptake.

4.2 Methods

4.2.1 Strains and molecular constructs
Strains of Synechocystis sp. PCC 6803 (hereafter, Synechocystis) were maintained on pH

8 BG-11 (Allen 1968) with 1.5% agar supplemented with 18 mM sodium thiosulfate and
containing the appropriate antibiotics for each mutant (7 pg/mL Gentamycin (Gm) for AndhF1,

50 pg/mL Kanamycin (Km) for M55), with WT maintained under ~70 umol m2 sec light,
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AndhF1 70 pmol m sec light, and M55 50 pmol m sec light. Experimental material was
obtained from 100 mL cultures grown in 250 mL Erlenmeyer flasks with rotary shaking (200
rpm) under ~100 umol m2 sec’* Cool White fluorescent lighting (GE). Cultures were harvested
upon reaching an ODyzsp 0.7-1.0. The M55 strain was grown under 5% CO- with an autoclaved
gassing apparatus consisting of a 0.2 um filter attached to tubing put through a foam cap,
sterilized, used to replace the foam cap of the regular shaking BG-11 cultures, with a long enough

tube to gently bubble the media with CO, while shaking.

The plasmid used to construct AndhF1, pUCF1-Gm, was produced using Gibson
assembly (Gibson et al. 2009) by amplifying ~500 bp upstream and downstream regions of the
ndhF1 gene from wild-type chromosomal DNA utilizing the primers shown in Table S1. The Gm
antibiotic resistance cassette was amplified from Synechocystis HT-3 genomic DNA (Debus et al.
2001) with the primers also shown in Table S1. The primers above were designed with overlaps
for Gibson Assembly according to manufacturer’s specifications (NEB). The three PCR
generated fragments were assembled in the presence of pUC18 digested with Ndel and Pstl
(NEB) by Gibson Assembly according to the manufacturer specifications to create pUCAF1. M55
was provided to our group by professor Teruo Ogawa from Nagoya University in Nagoya, Japan.
4.2.2 Chlorophyll fluorescence

Cells were harvested by centrifugation, washed with 50mM Tricine pH 8 + 25 mM NacCl
(TCN) and resuspended to 5.9 pg/mL Chl, measured by in a UV-Vis spectrophotometer
(Shimadzu) (Ritchie 2006). Following this, each sample was diluted to 5 pg/mL Chl in the
cuvette with the Tricine buffer. Measurements of Chl fluorescence yield were measured using the
Dual PAM-100 (Walz) with the 9-AA/NADPH module. For 5-minute illumination period
measurements, a nominal light intensity of 53 pumol m2 sec™* was utilized except in experiments

measuring LEF saturation as a function of light intensity, or experiments observing fluorescence
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in saturating light. Values for g, were produced using the equation outlined in (Campbell et al.
1998) utilizing multiple turnover flashes (300 milliseconds, nominally 20,000 pmol m2 sec?).
4.2.3 Acridine orange fluorescence quenching

Acridine orange (AO) has been used as a fluorescent dye for measuring proton pumping
across a membrane in both whole cyanobacterial cells and membrane vesicles (Palmgren 1991,
Teuber et al. 2001, Nakamaru-Ogiso et al. 2010, Checchetto et al. 2012). Cells were grown and
washed with TCN buffer as above for Chl fluorescence. Samples were diluted to 5.9 pg/mL Chl
had acridine orange added to 5 uM, and were incubated shaking gently in the dark for 20 minutes
to allow acridine orange penetration into the cell (Teuber et al. 2001). Samples of the cells were
then added to a cuvette, and 1 M KCI added to 150 mM to dilute the cells to 5 pg/mL and provide
K* to exchange across the thylakoid when Valinomycin (Val) was added to 10 uM to dissipate
Ay. DCCD was added to 500 M to inhibit ATP synthase and prevent proton leakage. KCN was
added to 200 uM to inhibit cytochrome oxidase (COX) and respiratory proton pumping as well as
to maintain the photosynthetic electron transport chain in a State 2 like poise (Ogawa et al. 2013).
Samples were then stirred for 5 minutes in the dark, and the fluorescence measured with the JTS-
100 (Biologic) or Dual-PAM 100 (Walz). A 534/20 nm bandpass filter (Edmund Optics) was
placed between the sample and the detector in both instruments. The 9-AA/NADPH attachment
(Walz) was used on the Dual-PAM 100 to excite AO, however, the wavelength used does not

allow for maximal excitation (Schreiber et al. 2009), unlike with the JTS-100.

The Dual-PAM 100 proved useful for measuring dark fluorescence and some larger scale
changes in AO fluorescence, while the JTS-100 was primarily used to observe rates of proton
pumping in response to illumination. Dual-PAM 100 data was generated by exporting the data
averaging 100 points, resulting in one point per 100ms, with inhibitors (Val, DCCD, KCN) added
in the dark. Upon reaching a steady-state, a new measurement was performed on the same sample

with a 5 minute actinic illumination with multiple turnover flashes (parameters above) before,
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during, and after illumination. The multiple turnover flashes were included for measurement of
Chl fluorescence parameters at the same time (Fig. S1) and were not greatly taken into account

for the AO measurements.

For the AO fluorescence data recorded on the JTS-100, points were collected once per
second in the dark and once per 100ms in the light, with light intensity varying by experiment.
Each sample was recorded after a 5 minute dark incubation after the addition of inhibitors with 5
minutes of additional stirring in the dark between each technical replicate. The rates and depths of
guenching were relatively unaffected by repeated measurements or a slight drift in these
conditions (discussed below). The inhibitors Val (10 uM), KCN (200 uM), and DCCD (500 uM)
were added to samples measured in the JTS-100 to ensure the measurement of maximal rates, as
discussed below. Accordingly, these formed the standard set of inhibitors for most experiments
used to observe proton pumping here. Utilizing the same conditions in the instrument, DCMU
was added in some case to the sample to 10uM and measurements recorded after a 5 minute
incubation period in the dark with stirring, and measurements recorded as described above. A
fresh sample was then prepared with the standard inhibitors along with the addition of 10 uM
DCMU and 250 pM CCCP, incubated for 5 minutes with stirring, and measurements recorded as
described above. To obtain sufficient signal/noise ratios, 3 to 6 technical replicates were recorded
per condition for each of 3 biological replicates. AO data collected on the JTS-100 was provided
by averaging the data of all 3 biological replicates for each condition with a line plotted through
the data after about 4 seconds of illumination and extending for 4-10 seconds, depending on the
shape of the trace and the ability to plot a line through the linear portion of quenching. The traces
were arbitrarily zeroed to the beginning of the linear portion of quenching. Rates were determined
by plotting the line through each biological replicate and using those to determine the average
rate and standard deviation. Significance in text calculated with a two-tailed t-test assuming

unequal variance.
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4.3 Results

4.3.1 Proton pumping activity in whole Synechocystis sp. PCC 6803 cells

In cyanobacteria, the pH sensitive dye AO has been shown to report the changes in pH
across the thylakoid membrane by fluorescence changes (Teuber et al. 2001, Checchetto et al.
2012). The cyanobacterial thylakoid membrane presents a unique challenge because both
photosynthesis and respiration occur in the same membrane and utilize the common electron
carriers (Vermaas 2001, Mullineaux 2014). Therefore, a suite of inhibitors was used to isolate the
contributions of specific complexes, including NDH-1 complexes, to ApH. Firstly, a significant
fraction of PMF is stored as a K* ion gradient, contributing to the electrical component, AY, of
PMF (Peschek et al. 1985, Belkin et al. 1987, Checchetto et al. 2012), and there is a considerable
efflux of K* ions from the thylakoid lumen upon illumination to create a cation deficit in the
thylakoid lumen to drive the accumulation of H* (Checchetto et al. 2013). The A¥ component
can cause variations in proton pumping measurements using AO (Checchetto et al. 2012),
therefore, Val was used to dissipate the K* gradients across the membranes with the addition of
150 mM KCI to remove the AY component of PMF from measurements. ATP synthase was
inhibited with 500 uM DCCD to prevent the flow of protons through the membrane from
affecting the measurements. Finally, in some cases, 200 uM KCN was added to block COX,
thereby pushing dark-adapted cells into a State 2-like poise, where more light harvesting occurs at
PSI than in State 1, since the NDH-1 mutants used have the potential to be locked in State 1
(Ogawa et al. 2013). The addition of KCN also allows for the isolation of the photosynthetic
components of ApH formation as there is a considerable the ApH in the dark when COX is active

(Peschek et al. 1985) (Fig. 4A-C).

The presence of the dark ApH provides PMF which must be overcome in order for
photosynthetically driven proton pumping to occur. The electrochemical back-pressure of

positive charges within the thylakoid lumen ultimately has an effect on the ability of light induced
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proton pumping (Checchetto et al. 2012), so dissipating these pressures can allow observation of
photosynthetically driven proton pumping unimpeded by the effects of that back-pressure. The
contribution of respiratory activity in dark-adapted cells to their trans-thylakoid PMF can be
observed as an increase in AO fluorescence (loss of quenching), as the dark ApH dissipates upon
the addition of KCN as detected using a PAM fluorometer due to the loss of COX activity (Fig.
4A). This dissipation was enhanced when Val and DCCD are included with KCN. The addition
of any of these alone did not result in as strong a dissipation as when all three are included (not
shown), indicating the combination of these additions was necessary for the disruption of dark
ApHf. These results are indicative of the dissipation of dark PMF associated with respiration.
This was further shown in Fig. 4B, where AO fluorescence arbitrarily zeroed to the fluorescence
before illumination was seen in the absence and presence of KCN in addition to the background
inhibitors. In the presence of KCN, quenching occurs to ~1.5x the value seen in its absence and
was considerably faster (Fig. 4C). This suggests that respiration in the dark indeed exerts some
amount of electrochemical back-pressure that impedes the rate ApH formation upon illumination.
Slower kinetic processes are also apparently occurring simultaneously. Superimposed upon the
rapid light-induced AO quenching, we observe a more gradual increase in AO fluorescence (Fig.
4B). This can be attributed to the previously observed alkalinization of the cytoplasm occurring in
the minutes time frame, potentially due to CBB-cycle activity (Falkner et al. 1976, Peschek et al.

1985, Belkin et al. 1987, Wang et al. 2002).

Comparison of Chl fluorescence induction kinetics with and without KCN revealed a
reduction of the PQ pool in the dark, and some alterations in the rates of secondary transitions,
likely involving S-state transitions and the activation of the CBB cycle, but otherwise
photosynthetic electron transport was unaffected, save for the dramatic rise in both Fo and post-

illumination fluorescence upon addition of KCN, likely due to the lack of COX as an electron
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sink exacerbating the actinic effect of the PAM measuring light and thwarting the consumption of

photosynthetically-produced reductant during the light-to-dark transition (Fig. S1).
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Figure 4. Respiratory electron flow contributes to ApH in the dark. Panel A: Acridine
fluorescence in the Walz DUAL PAM-100 instrument. Cells were dark adapted with acridine
orange (5 uM) in TCN buffer with KCI (150 mM). Either only KCN (200 uM) (blue trace) or
KCN plus Val (10 pM) and DCCD (500 uM) (pink trace) were added (arrow). Panel B: Acridine
fluorescence in the DUAL PAM-100. Cells were incubated in the dark for 5 min. with
background inhibitors in the absence (black) or presence (red) of KCN and AO fluorescence was
collected over the course of a 5 min. illumination period, including multiple turnover flashes
before, during, and after illumination. The MT flashes were employed for evaluating
characteristics of the simultaneously measured Chl fluorescence (e.g. Fig. S1). Data was acquired
using same instrument settings and scale, and the traces zeroed to Fo to account for small drifts in
baseline and sample differences. Panel C: Acridine fluorescence in the BioLogic JTS-100
instrument. Cells were dark adapted with acridine orange (5uM) for 20 min, then a sample
prepared with KCI (150 mM) and either Val (10 uM) and DCCD (500 uM) (black circles), or

with the inclusion of KCN (200 pM) (red squares) and the sample stirred in the dark for 5 min.

Traces are typical of three replicates.
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4.3.2 Proton pumping activity dominated by photosynthetic linear electron flow
To evaluate the activity of different photosynthetic membrane complexes with respect to

proton pumping, initial rates of light-induced AO fluorescence quenching in the presence of the
three background inhibitors (KCN, Val, DCCD), were tested in a shorter experiment. Steady state
AO fluorescence in the dark, Fo, was recorded for 20 sec, followed by quenching due to the
application of 600 pmol m sec™ actinic illumination for 15 seconds, followed by darkness to
observe the recovery phase (Fig. 5). The quenching of fluorescence upon illumination indicates
the acidification of the thylakoid lumen due to the activity of photosynthetic electron flow upon a
dark-to-light transition. The rate of this quenching during the linear phase after illumination (~4-8
or 4-14 sec depending on the strain and additional inhibitors added) was termed ju*. The
guenching occurred from Fo to an extent, termed Fapu (Fig. 5). Cessation of illumination led to an
increase in AO fluorescence indicating a collapse of ApH across the thylakoid (Teuber et al.
2001). This rise appears to be biphasic, occurring first rapidly and then slowly. There was
additionally some upward drift in fluorescence seen after the cessation of illumination. As this
was not seen in dark adapted cells (Fig. 4A), it is hypothesized that this may be due to the
processing of reducing equivalents produced during illumination. A considerable gradient was
still formed upon the addition of DCMU and inhibition of PSII, albeit to smaller extent in the
time measured (Fig. 5). The inclusion of the uncoupler CCCP with DCMU causes a cessation of
light-induced proton pumping, giving a baseline against which to compare the other data. DCMU
was always added with CCCP, because unless PSII was inhibited the solution slowly acidifies
due to water oxidation activity (not shown). These data indicate that LEF, including the strong
contribution of protons released from water oxidation, is the major contributor to the proton
gradient formation during the dark-to-light transition, although the contribution of CEF is very

substantial.
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Figure 5. Light-induced acidification of the thylakoid lumen. Acridine orange fluorescence of
dark-adapted WT cells in the JTS-100 representing the formation and dissipation of ApH across
the thylakoid lumen upon the activation and cessation of actinic illumination. Cells were dark
adapted with acridine orange (5 uM) for 20 min, then a sample prepared with KCI (150 mM) plus
Val (10 uM), DCCD (500 uM), and KCN (200 puM) and stirred in the dark for 5 min. Actinic
illumination (630 nm, 600 LLE) was applied for 15 seconds. Black symbols, standard additions;
red symbols, standard additions plus DCMU, blue symbols, standard additions plus DCMU and
the uncoupler CCCP. The plots are typical of three biological replicates, each with three technical
replicates. Steady state fluorescence in the dark is labeled Fo. Steady-state fluorescence in the

light is termed Fapu. The linear portion of the section of fluorescence quenching between Fo and
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Fap Was used to calculate the rate of quenching (ju*). The rise in fluorescence associated with
ApH collapse is termed Fr.
4.3.3 Proton pumping rate is dependent upon light intensity

To examine the components of proton pumping activity in the dark-to-light transition, the
WT was measured in ju* as a function of light intensity to observe the dependence of proton
pumping on photosynthetic performance. As can be seen in in Fig. 6A, C, increasing light
intensity caused an increase in the depth of AO quenching reached within the time measured. The
depth of quenching only increased to a point, and intensities greater than 300 umol m2 sec did
not appreciably increase the depth of quenching. Upon addition of DCMU to the cells (Fig. 6 B,
D), blocking PSII water oxidation, there was no appreciable difference observed between the
different light intensities in the depth of quenching. Because the quenching is light dependent, it
is indicative of photosynthetic activity, however quenching due to photosynthetic activity is
apparently at its maximum even at lower light intensities. When plotting the rates of the linear
portions of AO quenching, the clear dependence of the rate of proton pumping on light intensity
can be observed (Fig. 7A). As reflected in the depth of quenching without DCMU, the rate of
quenching does not appreciably increase at intensities greater than 300 pE (p=0.324), indicating
saturation of the rate of light-induced proton pumping. This was reflected by the proportion of
open PSlIs, gp, which shows that PSIIs are largely occupied when >300 pE light was applied
(Fig. 7B, Fig. S2). When DCMU was added and the rates plotted (Fig. 7A, red squares), little
difference was seen between the rates regardless of light intensity. At even 70 umol m2 sec™,
CEF dependent proton pumping is at approximately maximal value, with minimal variation seen
as light intensities climb, and none significantly different from one another (p >0.188). This
indicates that CEF driven proton pumping, while dependent upon light to operate, is incapable of
compensating for the lack of PSII. To determine whether this inability to compensate was due to

stoichiometric limitations of CEF machinery or a lack of substrates to participate in electron
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transport, glucose was added to DCMU treated cells. Previous work has shown that addition of
glucose to cells significantly increases the amount of reductant available for P700 re-reduction
(Holland et al. 2016). Interestingly, the addition of glucose had very little effect on DCMU
treated cells, in fact slightly slowing the proton pumping rate (Fig. S4). This indicates that even
without glucose, CEF-driven proton pumping is saturated at low light intensities, and that the
difference in predicted versus observed proton pumping activity of CEF to LEF is due to the
available complexes and their catalytic parameters, not a lack of reductant. While these results
indicate that CEF indeed drives proton pumping, lending further credence to a long-standing
hypothesis, further experiments are needed to determine which complexes contribute to CEF-

driven ApH formation in the dark-to-light transition, as well as their relative contributions.
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Figure 6. Light dependent proton pumping in the absence (A,C) or presence (B,D) of

DCMU at varying light intensities. Acridine orange fluorescence of dark adapted WT cells in

the JTS-100 in response to increasing light intensities, representing the formation and dissipation

of ApH across the thylakoid membrane in response to the dark-to-light and light-to-dark

transitions respectively. Cells were dark adapted with acridine orange (5uM) for 20 min, then a

sample prepared with KCI (150mM) plus Val (10uM), DCCD (500uM), and KCN (200uM) and

stirred in the dark for 5 min. For panels C and D, 10uM DCMU was used. Actinic illumination

(630 nm, 600 uE) was applied for 15 seconds. These plots are typical of 3 technical replicates.
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Panel A: The formation and dissipation of light dependent ApH formation when LEF and CEF
are both active. Panel B: The formation and dissipation of light dependent ApH formation when
only CEF is active. Panel C: A closer look at the light dependent formation of ApH when LEF

and CEF are active. Panel D: A closer look at the light dependent formation of ApH when only

CEF is active.
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Figure 7. Proton pumping rates and photochemical quenching (qgp) as a function of light
intensity. Panel A: Rates of proton pumping as a function of light intensity determined from
JTS-100 data in the WT without (black circles) or with 10uM DCMU (red squares). WT cells
were dark adapted in TCN buffer with AO (5uM), KCI (150mM), Val (10uM), DCCD (500uM),
and KCN (200uM). Actinic illumination (630 nm, 600 uE) was applied for 15 seconds. Each
point is representative of the rate estimates of 3 biological replicates with 3 technical replicates.
Panel B: The proportion of open PSII reaction centers as a function of light intensity as estimated
as photochemical quenching (qy), in cells suspended to 5pug/mL Chl in TCN buffer + 150mM
KCI. Photochemical quenching (gy=(Fm-Fs)/Fm-Fo)) was obtained from Chl fluorescence yields

using a PAM fluorometer (Campbell et al. 1998).
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4.3.4 NDH-112 complexes are largely responsible for NDH-1 driven proton pumping
To determine which NDH-1 complexes are responsible for CEF-driven proton pumping,

mutants in the cyanobacterial NDH-1 complexes were utilized in proton pumping experiments.
The mutants AndhF1 and M55, lacking functional NDH-11, and all NDH-1 complexes
respectively, were utilized to observe whether these complexes pump protons, and what
contribution they have to proton pumping in the dark-to-light transition. As can be seen in Table
2 and Fig. 8, there was little difference between the strains when PSII is active, further
highlighting its importance in the establishment of ApH upon illumination, however, there was a
steady decline in the rates as NDH-1 complexes are removed, with M55 having the slowest rate.
The rates of proton pumping in WT and M55 with the background inhibitors are significantly
different (p=0.03), indicating the NDH-1 complexes may be important for proton pumping in the
dark-light transition, even when PSII is active. Upon inhibition of PSII, WT shows a slowing of
ju* to about 40%, however the formation of ApH in the AndhF1 and M55 strains was dramatically
slowed or eliminated, respectively (Table 2, Fig. 8). While AndhF1 was still able to form a
gradient at ~5% the rate of its no DCMU control and was significantly different than the traces
with DCMU+CCCP (p=0.038), the M55 strain remains approximately in line with conditions
measured with the protonophore CCCP near baseline (p=0.5) (Fig. 8B,C, red and blue symbols
respectively). When Chl fluorescence of the WT and AndhF1 was measured, it was seen that, in
accordance with previous work (Ogawa et al. 2013), chlorophyll fluorescence in the dark
increases in the presence of KCN, indicating a more reduced PQ pool (Fig. S5). M55, on the
other hand, was relatively unaffected by the addition of KCN. As well, the characteristic post-
illumination fluorescence rise associated with NDH-1 activity (Battchikova et al. 2011, Holland
et al. 2015, Artier et al. 2018, Zhang et al. 2020) was observed in both the WT and AndhF1, with
its magnitude being enhanced by the addition of KCN, though to a much greater degree in the
WT both with and without KCN. M55 had no rise in either condition. Together these results

indicate that in the dark-to-light transition, the NDH-11,, complexes are major contributors to
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CEF-driven proton pumping in addition to their established role in electron flow, and they may

indicate that the NDH-134 complexes are also involved, but to a lesser extent.

Table 2. Relative rates of acidification. The rate of acidification, ju*, upon illumination in WT,
AndhF1, and M55 in the presence of the background inhibitors with either no additional
inhibitors, with DCMU, or DCMU and CCCP added. Values are averages of three biological
replicates with 3 averaged technical replicates each. Data is presented with the standard deviation.
Data normalized to [ChI]/ODzs of the WT to account for differences in the Chl content per cell in

the different strains.
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Figure 8. Rates of acidification, ju*, upon illumination in the WT and mutants deficient in
NDH-1 complexes. Acridine orange fluorescence in the JTS-100. Cells were dark adapted in

TCN buffer with acridine orange (51M) for 20 min, then a sample prepared with KCI (150mM)
plus Val (10uM), DCCD (500uM), and KCN (200M) and stirred in the dark for 5 min. Actinic
illumination (630 nm, 600 LLE) was applied for 15 seconds. These plots are typical of 3 technical

replicates. WT (A), AndhF1 (B), and M55 (C) after the addition of background inhibitors (black
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symbols), with the addition of 10uM DCMU (red symbols), and with the addition of DCMU and
250uM CCCP (blue symbols). Data is representative of the averages of 3 biological replicates
with at least 3 technical replicates each. Data was normalized to [Chl]/ODso of the WT to

account for differences in [Chl] per cell.

4.4 Discussion
Since the discovery that PMF and ion gradients are central to virtually all bioenergetic

processes (Mitchell 1961), there has been considerable work done to understand certain
characteristics of the cyanobacterial PMF both in the thylakoid and the cytoplasm (Falkner et al.
1976, Peschek et al. 1985, Belkin et al. 1987). Despite this work, the kinetics of proton pumping
in cyanobacteria have been little explored with regards to the contributing protein complexes and
the impacts of those components on rates of gradient formation. Here, the analysis of proton
pumping by Synechocystis has revealed components that contribute to the formation of ApH upon
the illumination of the cells by actinic light. An interesting advantage that whole cell
cyanobacteria have over heterotrophic species in this sort of measurement is that the
photosynthetic electron transport chain is light inducible, allowing for the control of redox
components by controlling the actinic illumination. This allows for the relatively easy assaying of
photosynthetic ApH formation in whole cell cyanobacteria, which provides opportunities to

observe the effects of cellular metabolism on the proton gradient.

To best observe the contribution of the photosynthetic complexes to light-dependent
proton pumping in whole cells, various parameters needed to be considered to compare rates of
photosynthetically driven proton pumping, particularly in regard to the NDH-1 complexes. It has
been shown that the amount of K* available in the thylakoid affects the ability of the cells to
pump protons, providing an electrochemical back-pressure against which protons must be
pumped as they both have a positive charge (Checchetto et al. 2012). Val was added to the
samples to alleviate this constraint. The inhibitor DCCD was also included to prevent the forward
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or reverse action of ATP-synthase from deducting from or contributing to the formation of the
gradient. Because respiration occurs in the dark, it is reasonable to suppose that the dark ApH will
also affect the observed rate and amplitude of light-induced AO quenching since it will have start
from a ‘pre-energized’ membrane exerting an electrochemical backpressure as photosynthetic
electron flow initiates. The existence of the dark ApH was demonstrated when cells were treated
with KCN, causing the dark ApH to collapse, an effect enhanced by the addition of Val and
DCCD alongside KCN (Fig. 4A). Indeed, by eliminating the dark ApH the rate and depth of
light-induced AO quenching increased (Fig. 4B,C), indicating that in the absence of a a ‘pre-
energized’ membrane, proton pumping is faster and that it is light-dependent proton pumping.
This supports the conclusion that light-induced proton pumping can be limited, under in vivo
conditions, to some degree by the electrochemical back-pressure due the dark ApH. Although AO
fluorescence technique is not amenable to pH calibration, previous estimates of the dark ApH in
cyanobacteria in the presence of Val is approximately 1.5 pH units and that value further
increased to ~2.5 pH units under illumination (Falkner et al. 1976, Peschek et al. 1985, Belkin et
al. 1987). The observation that actinic illumination of dark-adapted samples in the presence of
KCN produced a larger and more rapid quenching of AO fluorescence than in its absence (Fig.
4B) is consistent with these estimates. Overall, removing the dark ApH and AW allows for the
determination of rates of light-dependent proton pumping that are closer to maximal within live

cells.

While observing the major components of photosynthetically driven PMF formation,
PSII was seen to be the major contributor to ApH formation in all strains measured. This is an
expected result, as the water oxidation reaction produces 4H*/O,, and PSII is both abundant in the
cell and has a fast reaction rate compared to NDH-1 of other organisms (Fato et al. 1996, Zhang
et al. 2004, Dismukes et al. 2009, Hirst 2013, Strand et al. 2017). This is demonstrated here by

the sharp reduction in the rates of ApH formation upon the addition of DCMU in all strains tested
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(Fig. 5, Fig. 6, Fig. 7A, Fig. 8, Table 2), with that reduction most pronounced in strains lacking
NDH-1 complexes. While the rates of proton pumping when PSII is active are similar in all the
strains, there is a small reduction in the rates as NDH-1 complexes are removed. Nevertheless, the
rates remain fast in all the strains, indicating that the NDH-1 complexes are important for proton
pumping even when LEF is active, though their contributions are partially masked by LEF and
PSII activity, as discussed below. The removal of PSII activity by the treatment of the WT with
DCMU still allows for a substantial gradient to be formed upon illumination, indicating that CEF
drives the formation of ApH in the absence of PSII activity, though ~60% less effectively (Table
2, Fig. 5, Fig. 7A, Fig. 8A). While the rate is decreased, it quenches to approximately 80% the
Fapr Without DCMU, potentially indicating that the reduced rate is incapable of completely
overcoming the dissipation mechanisms that allow Fayx to be established (Fig. S3). AO
guenching in DCMU treated cells is light dependent (Fig. 5, Fig. 6, Fig.7A), indicating that it is
due to CEF activity. The light intensity dependence of CEF-driven proton pumping saturates at
lower intensities than when LEF is active, possibly indicating the upper limits of the proton
pumping capability of CEF, as at lower light intensities it is able to match the proton gradient
formation rates seen when PSII is active (Fig. 7A). When accounting for known and assumed
H*/e" ratios for photosynthetic electron flow, some interesting parameters can be seen. One
turnover of LEF results in 3H*/e” (Sacksteder et al. 2000), 1 H* from PSII, and 2 from the Q-cycle
in Cyt.-bef. In addition to this, a turnover of CEF through the NDH-1 complexes adds 2H*/e",
assuming a stoichiometry similar to that observed in their relatives (Strand et al. 2017) and no
additional turnover of bef, for a total of 5H*/2e” from a single turnover of both LEF and CEF.
With LEF inactivated by the addition of DCMU, 4H"*/e” are accounted for, with 2 from NDH-1,
and 2 from cyt.-bef, resulting in 80% of the protons per turnover, with more protons moved per
electron. Why is the rate of proton pumping when treated with DCMU only 40% of the no
addition control (Table 2)? This may be explained by the slower rate of complex I in other

organisms: ~200 e’/s (Fato et al. 1996, Hirst 2013) compared to 1-400 PSII turnovers/s
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(Dismukes et al. 2009), along with the relative abundance of PSII compared to NDH-1 in
cyanobacterial thylakoid membranes (Zhang et al. 2004). Alternatively, there may be sufficient
CEF components, but limiting reductant. To test this, glucose was added to WT cells treated with
DCMU, as glucose is known to increase available reductant (Holland et al. 2016), and AO
guenching observed (Fig. S4). The addition of glucose did not increase the rate and in fact
decreased it some, indicating that the limitation of CEF-driven proton pumping is not due to the
lack of reductant, and is more likely due to the numbers of complexes and their respective

turnover rates.

To analyze the contribution of NDH-1 complexes to proton pumping, the mutants
AndhF1 and M55, lacking only NDH-11,, complexes or all NDH-1 complexes respectively, were
utilized in AO assays. Interestingly, NDH-1 complexes are contributing to proton pumping even
during conditions dominated by LEF since initial rates slowed to nearly 60% upon upon complete
elimination of all NDH-1 complexes (in M55) and almost as much in the AndhF1 strain, though
only M55 is significantly different from the WT (Table 2). Thus, during the dark-to-light
transition, NDH-1 complexes make a strong contribution to proton pumping. In the AndhF1
strain, the remainder of the cellular complement of NDH-1 complexes is comprised of only the
forms involved in CO,-uptake, NDH-134. Therefore, these complexes must contribute only a
minor amount to the total CEF, at least under these growth conditions. Recent data on the
presence of the FIv1/3 system consuming electrons in their Mehler-like reaction (resulting in no
additional proton pumping and acting as an electron sink to compensate for the loss of the NDH-
11> systems (Nikkanen et al. 2020)) alongside the data presented here implies that the NDH-13/
complexes are incapable not only of dealing with the excess reductant but also of compensating
for the loss of the NDH-11,, complexes in terms of either electron transport or proton pumping in
these conditions. The proton pumping results are consistent with studies of Bernat and colleagues,

showing that the respiratory forms of the NDH-1 complexes (NDH-11,,) dominate the
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corresponding cyclic electron fluxes and that the CO,-uptake forms (NDH-134) contribute less
strongly (Bernat et al. 2011). The dominance and essentiality of NDH-11,, in CEF proton
pumping can also be seen in Fig. 8 and Table 2, where both AndhF1 and M55 are severely
impaired compared to the WT when treated with DCMU. The NDH-1 null mutant, M55, was
unable to form significant ApH in the dark-to-light transition in the time measured when treated
with DCMU (Fig. 8C), highlighting the importance of the function of NDH-1 complexes in
proton pumping under these conditions. The importance of the NDH-11,, complexes is especially
highlighted by the AndhF1 mutant, which is still able to form a gradient when treated with
DCMU, however at ~5% the rate of the WT when treated with DCMU (Fig. 8A, B). That said,
the AndhF1 strain when treated with DCMU still performs light-dependent proton pumping,
indicating that deletion of only the NDH-1,, complexes is not sufficient to completely eliminate
CEF-driven proton pumping, while the removal of all four NDH-1 complexes is sufficient, as
seen by the absence of quenching in M55 cells treated with DCMU (Fig. 8C). These data indicate
that the NDH-11> complexes are the primary drivers of proton pumping in these conditions, but
also imply the NDH-134 complexes are participants as well, though to a much lesser degree than
their cousins. Whether this is due to a difference in the number of NDH-1 complexes of each sort
available, or some activity intrinsic to NDH-134 complexes remains to be understood. The heavy
activity of the NDH-11,, complexes in proton pumping is consistent with their activity in e’
transport (Bernat et al. 2011, Ogawa et al. 2013). Because it is known the NDH-1 complexes
participate in CEF based on measurements such as post-illumination fluorescence rise (PIFR),
which is eliminated by the deletion of NDH-1 complexes (Ryu et al. 2003, Ma et al. 2005, Strand
et al. 2017). It is shown here that deletion of NDH-1 complexes similarly disrupts CEF-driven
H* pumping (Fig. 5B, C), indicating that the two activities are coupled by these enzyme
complexes, and that NDH-1 complexes are responsible for the bulk of CEF-driven proton
pumping in the dark-to-light transition. This has implications for the partitioning of electrons

flowing through PSI, and cells may favor the NDH-1 complexes in times when more proton
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pumping, and therefore ATP production, is needed, while SDH is activated when less proton
pumping is needed, but reductant must still be consumed. Given the recent structural data on the
cyanobacterial NDH-1 complexes, the development of this assay system enables measurement of
the impact of point mutations on proton pumping, allowing for deep understandings of the
mechanisms underlying their Complex I-like activities, as well as the unique CO; hydration

activities of the NDH-134 complexes.

4.5 Conclusions
While it has been observed that Complex I/NDH-1 pumps protons to generate PMF in

heterotrophic bacteria and archaea, mitochondria, and chloroplasts, we are the first to demonstrate
activity among the unique NDH-1 medley present in cyanobacteria. Among the processes that
generate PMF, PSII and LEF are responsible for the bulk of this activity in the dark-to-light
transition. The NDH-1 complexes, however, contribute to this action to a great degree, with the
ability to compensate for ~40% of the rate of proton pumping when LEF is inactivated. This is
particularly important regarding the findings that changes in light intensity is one of the many

stresses that photosynthetic organisms face in their natural environments.
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CHAPTER V

CYCLIC ELECTRON FLOW COUPLED TO PROTON PUMPING IN SYNECHOCYSTIS SP.
PCC 6803 IS DEPENDENT UPON NADPH OXIDATION BY THE SOLUBLE ISOFORM OF

FERREDOXIN NADP-OXIDOREDUCTASE

5.1.1 Abstract
Ferredoxin:NADP-oxidoreductase (FNR) catalyzes the reversible exchange of electrons between

the one electron carrier ferredoxin (Fd) and the two-electron carrier NADP*. Reduction of
NADP* by Fd via FNR is essential in the terminal steps of the photosynthetic electron transfer
chain as light activated electron flow produces NADPH for CO; assimilation. However, FNR also
catalyzes the reverse reaction in photosynthetic organisms, transferring electrons from NADPH to
Fd, which is important for example, for the reduction of inorganic nutrients in plant root plastids
and in cyanobacterial metabolism for respiration and cyclic electron flow (CEF). The
cyanobacterium Synechocystis sp. PCC 6803 possesses two isoforms of FNR, a long form
attached to the phycobilisome (FNRL) and a short form that is soluble (FNRs). While both
isoforms are capable of NADPH oxidation or NADP™ reduction, FNR_ is most abundant during
optimal growth conditions, whereas FNRs accumulates under conditions of stress, especially
those that require enhanced CEF. Because CEF-driven proton pumping in the light-dark transition
is due to NDH-1 complex activity and that NDH-1 complexes are powered by reduced Fd, CEF
driven proton pumping and the redox state of the PQ and NADP(H) pools were investigated in

mutants possessing either FNRL or FNRs. The FNRs isoform is shown to facilitate proton
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pumping in the dark-light transition, contributing more to CEF than FNR.. FNR_ was shown to
provide reducing power for CEF-driven proton pumping, but only after an adaptation period to

illumination.

5.1.2 Introduction
Cyclic electron flow (CEF) is an important mechanism in photosynthetic organisms as a means of

recycling excess reductant while simultaneously driving the synthesis of ATP by the generation
of proton motive force (PMF) (Battchikova et al. 2011, Bernat et al. 2011). In plants, algae, and
cyanobacteria the reducing power produced by the photosynthetic light reactions is stored in the
form of NADPH and Fdrq, Which is then consumed by anabolic processes, mainly CO, fixation
via the Calvin-Benson-Bassham (CBB) cycle. This process is driven by linear electron flow
(LEF) since electrons derived from the oxidation of water by photosystem Il (PSII) follow a
linear sequence of transfers through the photosynthetic electron transport chain, on through
photosystem | (PSI), and ultimately terminating in the reduction of inorganic substrates for
biomass production. During CEF, however, accumulated NADPH and Fd.q follow an alternative
path that returns the energized electrons back to the membrane where they are oxidized by protein
redox complexes in the electron transport chain, where the may, depending on the pathway, drive
the formation of PMF and thereby contribute to ATP production without net production of
NADPH and Fdwq. The fraction of electrons recycled through CEF relative to LEF provides a
mechanism for cells to adjust the ouptput ratio of NADPH and ATP to accommodate different
metabolic demands and fluctuating environmental conditions. Recently, cellular ATP
concentrations were shown to modify the rate of CEF through a competitive inhibition of Fd
oxidation by the NDH and FQR/PGR5 pathways in plant chloroplasts providing a relatively
simple feedback mechanism for adjusting this output ratio of phosphorylating and reducing
power(Fisher et al. 2019). Although different cyclic paths involving different membrane

complexes have been discovered, in all cases electrons are transferred to the plastoquinone (PQ)
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pool, thereby re-entering the electron transport chain to be further utilized to produce NADPH
and Fd.q Via PSI. This process is not a simple one, with many potential electron sources and
contributing components. The electron flow can be direct from the acceptor side of PSI via Fd, or
indirectly from the oxidation of photosynthetically produced NADPH, or carbohydrates (Mi et al.
1992, Mi et al. 1995, Holland et al. 2015, Zhang et al. 2020). One of the mechanisms by which
the redox state of the NADPH/Fd pool is maintained in these organisms is by the presence of
Ferredoxin:NADP-oxidoreductase (FNR). In many cyanobacteria, only one form of FNR is
present (FNR_), and it attaches to the phycobilisome (PBS), posising it to function in
photosynthetic NADP* reduction from the acceptor side of PSI (Schluchter et al. 1992, Thomas et
al. 2006, Korn et al. 2009, Korn 2010, Liu et al. 2019). FNR_ localization in proximity the
photosynthetic membrane via attachment to the PBS is likely thought to facilitate fast rates of
LEF. Specifically, it would minimize macromolecular diffusion constraints during the interaction
of PSI, Fd, and FNR for the rapid production of more quickly diffusing NADPH, which is in high
demand and undergoes fast recycling between the oxidized and reduced forms as it communicates
reductant from photosynthetic electron transport to the CBB cycle and anabolic metabolism in the
cytoplasm (Moal et al. 2012). Some cyanobacteria, such as the glucose tolerant Synechocystis sp.
PCC6803, possess two isoforms of FNR. The second isoform is smaller, and therefore referred to
as FNRs. It was discovered to be produced by the same gene (Thomas et al. 2006) and is
produced by an alternative initiation of translation, potentially via SRNAs or secondary structures.
The isoform primarily observed in cyanobacteria is FNR_, which may have arisen due to a gene
recombination event of FNRs with a PBS-linker domain, eventually resulting in the genetic
conversion FNRs to FNRL in most of these bacteria (Thomas et al. 2006). This is consistent with
the observation that Gloeobacter violaceus, a primitive cyanobacterium, possesses the FNRs form
(Thomas et al. 2006). Cyanobacteria capable of heterotrophy, on the other hand, have retained
the ability to recapitulate the FNRs isoform through regulated alternative translational initiation

codon utilization, and it is expressed under conditions of heterotrophy, or stress conditions like
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high light intensity and nutrient limitation (Thomas et al. 2006), conditions which necessitate
CEF activity (Battchikova et al. 2011). The fact that these organisms have kept the ability to
express the FNRs isoform suggests that it is an important part of their photosynthetic mechanism.
Data on the kinetics of these isoforms has led to the hypothesis that FNRs operates as a soluble
NADPH oxidase, while FNR_ acts more as an NADP* reductase associated with the PBS, though
both isoforms are capable of performing either reaction (Korn et al. 2009). Because
cyanobacterial NDH-1 complexes utilize Fd as their source of reductant (Schuller et al. 2019,
Zhang et al. 2020) and their contribution to proton pumping can be observed by AO fluorescence
(Chapter 1V), the coupling of electron transport and proton pumping data can be used to explore
the dynamics of the relationship between these two isoforms, CEF, and proton pumping. Here,
this relationship is explored by utilizing these techniques and strains lacking either FNRs or

FNRL.

5.2 Methods

5.2.1 Strains and molecular constructs
Strains of the glucose tolerant Synechocystis sp. PCC 6803 (hereafter, Synechocystis)

were maintained on pH 8 BG-11 (Allen 1968) with 1.5% agar supplemented with 18mM sodium
thiosulfate and containing the appropriate antibiotics for each mutant (25ug/mL spectinomycin
for FS1 and M16) with and maintained under ~70 pumol m2 sec* light and air levels of CO..
Experimental material was obtained from 100mL cultures grown in 250mL Erlenmeyer flasks
with rotary shaking (200 rpm) under ~100 pmol m2 sec’* Cool White fluorescent lighting (GE).

Cultures were harvested upon reaching an OD7so 0.7-1.0.

The strains MI6 and FS1 were generated and provided by the lab of Ghada Ajlani from the Centre

National de la Recherche Scientifique in Paris, France (Thomas et al. 2006).
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5.2.2 Chlorophyll and NADPH fluorescence
Cells were harvested by centrifugation, washed with 50mM Tricine pH 8 + 25mM KCI

(TCK) and resuspended to 5.9ug/mL Chl, measured by in a UV-Vis spectrophotometer
(Shimadzu). Following this, each sample was diluted to 5pg/mL Chl in the cuvette with the
Tricine buffer. Measurements of Chl and NADPH fluorescence yield were measured using the
Dual PAM-100 (Walz) with the 9-AA/NADPH module. For 5-minute illumination period
measurements, a nominal actinic light intensity of 53 umol m sec! was utilized with multiple
turnover (MT, nominally 20,000 pmol m sec) flashes occurring before, during, and after
illumination to visualize the approximate proportion of open PSII. The application of an MT in
NADPH fluorescence measurements produces an artifactual feature that was not included in its
entirety in the graphical representations of the data.
5.2.3 Acridine orange fluorescence quenching

Acridine orange (AO) has been used as a fluorescent dye for measuring proton pumping
across a membrane in both whole cyanobacterial cells and membrane vesicles (Palmgren 1991,
Teuber et al. 2001, Nakamaru-Ogiso et al. 2010, Checchetto et al. 2012) and the assay protocol
outlined in Chapter IV was utilized with minor modifications. Cells were grown as described
above and washed with TCK buffer as above for Chl fluorescence. Samples were diluted to
5.9ug/mL Chl had acridine orange added to 5uM, and were incubated shaking gently in the dark
for 20 minutes to allow acridine orange penetration into the cell (Teuber et al. 2001). Samples of
the cells were then added to a cuvette and diluted the cells to 5pug/mL in TCK buffer and the
inhibitors applied as described in Chapter 1V. Samples were then stirred for 5 minutes in the dark,
and the fluorescence measured with the JTS-100 (Biologic), describe in greater detail below. A

534/20nm bandpass filter (Edmund Optics) was placed between the sample and the detector.

Data points in the JTS-100 were collected once per second in the dark and once per

100ms in the light, with 600 umol m s actinic light applied. For dark-adapted samples, cells
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incubating in the dark were provided with an additional 5 min dark incubation with stirring after
the addition of inhibitors. Samples were then illuminated with actinic light for 15 sec, and then
actinic illumination was ceased. Samples were refreshed after each measurement to avoid drift
associated with repeated illumination. For light-adapted samples, cells were pre-illuminated with
600 umol m2 st actinic light for 2 min, followed by a 4 min dark incubation with stirring. The
cells were then illuminated with actinic light for 15 sec as stated above. Samples were measured
repeatedly as there was minimal drift seen with repeated illuminations. The raw data and rates

were treated essentially as described in Chapter V.

5.3 Results

5.3.1 FNRs has a large contribution to NDH-1 cyclic electron flow
Chlorophyll fluorescence kinetics have long been used to observe electron flow through

the PQ pool in cyanobacteria (Renger et al. 1986, Schreiber et al. 1995), and the post-
illumination kinetics are especially indicative of NDH-1 driven CEF (Battchikova et al. 2011,
Holland et al. 2015, Artier et al. 2018, Zhang et al. 2020). Chlorophyll fluorescence traces for
WT, MI6, and FS1 are shown in Fig. 9. During a 5 minute illumination in the TCK assay buffer,
WT has typical initial kinetics following the initiation of illumination characterized by a gradual
approach to an intermediate level of PQ reduction state toward the end of the five minute
continuous illumination period (~growth light intensity) indicative of a balance of linear electron
flow and the consumption of electrons for CO; fixation. The MI6 mutant exhibits several
strikingly different Chl fluorescence features. Firstly, the maximal levels of fluorescence yield
are considerably higher than either FS1 or the WT, perhaps indicating high levels of PSII (Fig.
9C) seen both with the levels upon brief high intensity MT flashes as well as in response to the
initiation of continuous actinic illumination. Secondly, the first MT flash was higher yield than
the subsequent MT flashes suggesting that the cells are already in State-1 in the dark. Thirdly,
following the initiation of five minute continuous illumination period, the initially high level of

fluorescence yield progressively decreases toward levels values nearer the WT than FS1 (Fig.
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9A,C,E). It appears that the MI6 mutant has a stronger tendency to induce non-photochemical
excitation energy guenching compared to the wild type and starting the illumination period with a
relatively unquenched configuration and/or having aberrant State transition characteristics. In
contrast to MI6, the level of reduction of the PQ pool increases during the actinic illumination
period in FS1, potentially obscuring the small peak at ~20-30 sec of illumination corresponding
to activation of the CBB cycle in the light (Fig. 9A,E) (Holland et al. 2015). Instead of
maintaining a steady state after the CBB cycle activation as with the WT, the increasingly
reduced PQ pool in FS1 indicates that either utilization of the photosynthetically generated
reductant was impaired and/or an enhanced rate of CEF was concurrently re-reducing the PQ
pool. Post-illumination in these conditions, the WT and MI6 have very minimal fluorescence
rises while FS1 has a large rise that seems to include both the fast and slow components,
associated with CEF involving oxidation of Fd and consumption of photosynthetically produced
reductant, respectively (Fig. 9A,C,E) (Holland et al. 2015). This indicates that in the WT and
MI6 under these conditions, electrons are not flooding back into the PQ pool via complexes like
NDH-1 after illumination, or if they are, they are being removed from the PQ pool at a similar
rate to that which they are entering. This was not the case in FS1, where electrons flood the PQ
pool after illumination, and there was little consumption of those electrons after illumination (Fig.
9E). When KCN was added to the samples, preventing cytochrome oxidase (COX) activity
oxidizing the PQ pool, some stark changes are seen to fluorescence yield. Over the course of the
5min illumination, WT starts out with a very reduced PQ pool, which becomes even more
reduced over the illumination to near Fm levels (Fig. 9B). The initially reduced state of the PQ
pool can be ascribed to the continued donation of electrons to the NDH-1 and perhaps other
complexes, leading to accumultation of reductant in the PQ pool due to blockage of COX. MI16
exhibits a large initial reduction of PQ upon illumination, followed by the typical quenching
associated with CBB cycle activation (Fig. 9D), which was followed by a slight increase of

fluorescence over the course of illumination indicating slight reduction of the PQ pool. These
73



results suggest that MI6 has a relatively oxidized PQ pool in the dark despite the inactivation of
COX with KCN. As shown in Fig. 9F, FS1 also appears to have a more oxidized PQ pool in the
dark, albeit not as oxidized MI6, as evidenced by relatively low level of Fo compared to the
maximal fluorescence yield levels. Following the intiation of continuous actinic illumination,
there is a typical initial reduction followed by a brief oxidation and then a sustained steady
reduction of the PQ pool over the course of illumination. The post illumination rise was similar in
the WT and MI6 in terms of magnitude, but the reduction state of MI6 remains high by
comparison as measurement continues. This rise was further investigated in Fig. 10, compiling
and highlighting the post-illumination period of the measurements in Fig. 9B,D,F. As can be
seen, FS1 has the sharpest initial rise after illumination and reaches the highest fluorescence
yield. This initial rise was also seen in MI6 and the WT, but not to the magnitude seen in FS1.
After this initial rise, a second rise occurs over the course of ~12-30 seconds after the cessation of
illumination. This slower rise occurs at similar rates for all of the strains in these conditions, but
the peak of fluorescence yield and its dissipation was shifted in the mutants, most severely so in
FS1 (Fig. 9B,D,F, 10). To further investigate the post-illumination rise in the absence of
inhibitors, 15sec illuminations were performed with a MT flash at 13sec of illumination.
Illuminations of this length were observed to produce strong post-illumination rises without
inhibitors and were utilized to observe the differences between dark-adapted strains. The FS1 and
WT had similar initial slopes of the post-illumination rise, however the FS1 had a greater
magnitude, associated with greater CEF activity, especially via NDH-1 (Fig. 11). The MI6
mutant, on the other hand, had a small rise, with dissipation of the post-illumination fluorescence
occurring well before either FS1 or the WT had reached their peak and begun their own

dissipations (Fig. 11).
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Figure 9. Chlorophyll fluorescence kinetics distinct in strains lacking an FNR isoform. Panel
A: Chlorophyll fluorescence in the DUAL PAM-100 of dark-adapted WT cells in TCK buffer upon
illumination for 5 min with 53 pmol m2 st with multiple turnover flashes before, during, and after
illumination. Arrows indicate actinic light on (up) or off (down). Panel B: Chlorophyll
fluorescence of the WT after treatment with KCN. The trace of the WT with and without KCN is
repeated in panels C-F in grey for illustrative purposes. Panel C: Chlorophyll fluorescence of the
MI6 strain. Panel D: Chlorophyll fluorescence of MI6 after treatment with KCN. Panel E:
Chlorophyll fluorescence of the FS1 strain. Panel F: Chlorophyll fluorescence of FS1 after

treatment with KCN.
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Figure 10. Post-illumination chlorophyll fluorescence rise is especially enhanced in FS1
after KCN addition. Chlorophyll fluorescence in the DUAL PAM-100 of WT (black), M16
(red), and FS1 (green) cells in TCK buffer with 200uM KCN upon termination of 5 min

illumination with 53 pmol m2 s,
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Figure 11. Post-illumination chlorophyll fluorescence rise enhanced in FS1 without
inhibitors. Chlorophyll fluorescence in the DUAL PAM-100 of dark-adapted WT (black), MI16

(red), and FS1 (green) cells in TCK buffer after illumination with 53 umol m2 s for 15 sec.

5.3.2 FNRs participates strongly in NADPH oxidation during illumination

NADPH fluorescence was measured concomitantly with chlorophyll fluorescence in the
DualPAM-100 to observe the redox state of the soluble reductant pool during illumination
(Holland et al. 2015). The MT flashes produce an artifact that was excluded in the graphics to
emphasize the kinetics of fluorescence over time. As seen in Fig. 12A, the WT exhibits
characteristics typical of NADPH fluorescence during 5 minutes illumination (Holland et al.

2015). Increase in fluorescence indicates reduction of NADP* and decrease in fluorescence is
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indicative of NADPH oxidation. After the rapid reduction of the pool upon illumination, a smaller
oxidation phase, likely due to the activation of FNR (Elanskaya et al. 2021), was seen before a
large transient reduction associated with the production of NADPH and representative of the
State-2 to State-1 transition, where light excitation energy is directed to PSII preferentially over
PSI (Mullineaux et al. 1990, Ranjbar Choubeh et al. 2018, Bhatti et al. 2020). This was followed
by a subsequent oxidation of NADPH associated with the activation of the CBB cycle and
fixation of carbon after ~30sec of illumination (Holland et al. 2015). After illumination ceases,
there was a rise in fluorescence that starts ~10 sec after the beginning of the dark period and
continuing for ~10-20 sec associated with the oxidation of sugars (Holland et al. 2015). The delay
before the rise correlates with the oxidation of trioses seen in the post-illumination rise of Chl
fluorescence in KCN treated cells (Fig. 10), indicating that the delay in the rise was associated
with Fd reduction before NADPH production by catabolism begins. The MI6 mutant has similar
characteristics as the WT during and post-illumination, however the overall NADPH pool not as
strongly reduced in the light, and its post-illumination rise was slightly smaller in magnitude (Fig.
12C). The FS1 mutant on the other hand had distinct characteristics in its NADPH redox state
over the course of illumination (Fig. 12E). It had an initial reduction followed by a strong
oxidation of NADPH to a steady state that was deeply oxidized compared to the WT or MI6, and
even dropped below the baseline of fluorescence pre-illumination (Fig. 12E). The transient
reduction peak was shifted to ~15 sec earlier than it was in the WT or MI6, potentially indicating
changes in the regulation of the redox pools. After illumination, a large and dramatic rise was
seen in FS1 to approximately the level of the initial NADPH reduction peak in a biphasic manner,
first occurring quickly and then rising slowly to a point before minor oxidation was observed in
the dark. This occurred on approximately the same timescale as the WT or MI6. Upon the
addition of KCN, the WT has almost entirely reduced its NADPH pool in the dark, as upon
illumination there was little increase in fluorescence (Fig. 12B). There was a transient oxidation,

and then NADPH fluorescence rises slowly and reaches a steady state for the rest of illumination.
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Given that the PQ pool was almost entirely reduced over the course of illumination (Fig. 9B), it
might be that NADPH was as reduced as it can be as well, representing an acceptor side
limitation for the photosynthetic electron transport chain. The MI16 has similar characteristics of
NADPH fluorescence as before treatment with KCN, however the initial rise in fluorescence
upon illumination was diminished (Fig. 12D), but not as much as in the wild type. A decrease in
fluorescence was seen after the transient peak, possibly indicating dissipation of reductant by CO,
fixation. Post-illumination it has a similarly sloped but greater rise than the WT has, and the pool
continues to get reduced over time. FS1 interestingly, after its transient peak, has a strong
oxidation of the NADPH pool, though not quite as quickly as without KCN, followed by a slow
and steady rise in fluorescence, which seems to continue at a similar rate after the oxidation and
subsequent reduction of NADPH after termination of illumination (Fig. 12F). This is consistent
with enhanced CEF. Reductant is gradually being dissipated over the course of continuous
illumination with dissipation attributed to COX and flavodiiron proteins in the absence of KCN
and to flavodiiron proteins in its presence. The rise post-illumination was much smaller in
magnitude than without KCN treatment, which is attributed to the already highly reduced level in
the presence of KCN. Thus, in both cases, the post illumination reduction of NADPH is vigorous
after the transient oxidation period after illumination and then approaches what appear to be a

similar maximal level (Fig. 12E,F).
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Figure 12. NADPH fluorescence kinetics distinct in strains lacking an FNR isoform. Panel
A: NADPH fluorescence in the DUAL PAM-100 of dark-adapted WT cells in TCK buffer upon
illumination for 5 min with 53 umol m2 s** and multiple turnover flashes before, during and after
illumination (cropped here for emphasis). Arrows indicate actinic light on (up) or off (down).
Panel B: NADPH fluorescence of the WT after treatment with KCN. The trace of the WT with
and without KCN is repeated in panels C-F in grey for illustrative purposes. Panel C: NADPH

fluorescence of the MI6 strain. Panel D: NADPH fluorescence of MI6 after treatment with KCN.
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Panel E: NADPH fluorescence of the FS1 strain. Panel F: NADPH fluorescence of FS1 after

treatment with KCN.

5.3.3 The presence of FNRs enhances NDH-1 powered proton pumping

To investigate the ability of these strains to power CEF-driven proton pumping and
assess the possibility that Fd is indeed being reduced by the strong NADPH oxidation seen in FS1
to power CEF, proton pumping upon actinic illumination was measured by acridine orange (AO)
fluorescence quenching. This assay was performed essentially as described previously (Chapter
1V), however the buffer used included 25mM KCI (TCK buffer) rather than 25mM NaCl (TCN).
Switching the buffer dramatically reduced the rates of AO quenching (Fig. 13). The fast rate of
guenching in the TCN buffer was further shown to be Na* gradient-dependent as the addition of
the Na* ionophore, monensin (50uM), dissipating Na* gradients, reduced the rates to
approximately those seen in TCK buffer. As discussed below, subtler changes in AO fluorescence
guenching may be observed in TCK buffer, and it enhances the relative proportion of CEF-driven
PMF formation. Because NDH-1 complexes have been shown to be the primary contributors to
CEF-driven proton pumping in the dark-light transition in cells treated with DCMU (Chapter 1V),
and their primary reductant source is reduced Fd (Zhang et al. 2020), the action of FNRs as an
NADPH oxidizer should be most clearly seen when PSI|I is inhibited. The background inhibitors
KCN, valinomycin, and DCCD were utilized as described previously to allow for measurement of
near-maximal rates of proton pumping (Chapter 1V). In dark adapted cells, the WT and FS1 have
similar rates of PMF formation when treated with the background inhibitors or even with DCMU
(Fig. 14A,B, Table 3). On the other hand, the ability of MI6 to establish PMF upon illumination
was greatly diminished both with and without DCMU (Fig. 14C, Table 3), with very little CEF-
driven proton pumping in the DCMU-treated samples. Overall, the ability for either CEF or LEF

to drive ApH formation in MI6 was greatly diminished compared to that of the WT or FS1.
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Repeated illumination of a sample in these conditions increased rates (not shown). To observe the
effect of pre-illumination on photosynthetic electron flow driven proton pumping, cells were pre-
illuminated for 2 minutes at 600 pmol m2 s, stirred in darkness for 4 minutes, then measured for
the typical 15 sec illuminations. As seen in Fig. 15 and Table 3, pre-illumination of the cells
resulted in generally increased rates of proton pumping compared to dark-adapted cells (Fig. 14)
in all conditions in all strains tested. The WT increased ~33% both with and without DCMU,
indicating that the same process affects this rate increase. The MI6 increased dramatically in
rates, essentially matching those of the WT (Fig 15C, Table 3). Rates of FS1 proton pumping
also increased dramatically, with proton pumping rate outpacing the WT and MI6 both with and
without DCMU (Fig. 15C, Table 3). In the WT, the proportion of CEF to LEF was not enhanced
by pre-illumination, with a rate in the presence of DCMU ~50% that of the rate without DCMU
regardless of pre-treatment. Results from MI6 show that pre-illumination more dramatically
affects the CEF-dependent proton pumping rate, which increased nearly six-fold compared to the
about two-fold increase of the rate when PSII is active (Table 3). FS1 also exhibits a dramatic
increase in both LEF and, especially, CEF-dependent proton pumping approximately doubling
and tripling, respectively, in comparison to the corresponding rates in dark-adapted samples (Fig.
15B, Table 3). Moreover, these rates are each considerably greater than the corresponding rates

in the WT, underlining the large contribution of the FNRs isoform to proton pumping.
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Figure 13. Acridine orange fluorescence quenching of WT cells treated with monensinin TCN
buffer decreases rate to that seen in TCK buffer. Acridine orange fluorescence of dark-adapted
WT cells in the JTS-100 in response to the presence of monensin in TCN buffer. Cells were dark
adapted with acridine orange (5uM) for 20 min in either TCN buffer (black, red) or TCK buffer
(blue). For samples in TCN buffer, a sample was prepared with KCI (150mM) plus Val (10uM),
DCCD (500uM), and KCN (200uM) and stirred in the dark for 5 min (black trace) or with the
addition of 50uM monensin (red). A sample in TCK buffer with the addition of Val (10uM), DCCD

(500uM), and KCN (200uM) was otherwise treated the same as the black trace (blue trace).

Table 3. Relative rates of acidification in dark and light adapted states. The rate of
acidification, ju*, upon illumination in WT, FS1, and MIG6 in the presence of the background
inhibitors with either no additional inhibitors, with DCMU, or DCMU and CCCP added. Values
are averages of three technical replicates per condition. Data is presented with the standard

deviation. Data normalized to [Chl]/ODyzso of the WT to account for differences in the Chl content
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per cell in the different strains. Rates are divided into either dark-adapted conditions (top) or

light-adapted conditions (bottom).

Dark-
adapted

Light-
adapted

Fluorescence (Rel. Units)

-60 |

Inhibitors added

Val+DCCD+KCN

Val+DCCD+KCN+DCMU

Val+DCCD+KCN+DCMU+CCCP

Val+DCCD+KCN

Val+DCCD+KCN+DCMU

Val+DCCD+KCN+DCMU+CCCP

Wild-type

11.78 £ 0.74 st
6.15+1.17 st
0.31+1.19s?
1525+ 1.20s?
8.43+0.76 5!

-0.43+0.155*

FS1

9.57 £ 0.63 s
544 +1.17s?
0.0056 + 0.38 s*
22.88+5.94¢51

17.24 +511 51

0.18 £0.38 s

MI6

5.85+2.28s?
1.64+0.81s?
-0.56 + 0.28 s
13.82+0.9551
9.18+5.30 s

-0.74 £ 1.34 51

-80
0

Figure 14. Rates of acidification, ju*, upon illumination of dark-adapted WT, FS1, and MI®6.
Acridine orange fluorescence of dark-adapted cells in the JTS-100. Cells were dark adapted with
acridine orange (5uM) for 20 min in TCK buffer. Sample was prepared with Val (10uM), DCCD
(500uM), and KCN (200uM) and stirred in the dark for 5 min as the background inhibitors. Actinic
illumination (630 nm, 600 uE) was applied for 15 seconds for measurement. These plots are typical
of 3 technical replicates. WT (A), FS1 (B), and MI6 (C) after treatment with the background

inhibitors (black symbols), 10uM DCMU (red symbols), or DCMU and 250uM CCCP (blue
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symbols). Data was normalized to the [Chl]/OD of the WT to account for differences in [Chl] per

cell.

Fluorescence (Rel. Units)

Time (s) Time (s) Time (s)

Figure 15. Rates of acidification, ju*, upon illumination of light-adapted WT, FS1, and MI6.
Acridine orange fluorescence of dark-adapted cells in the JTS-100. Cells were dark adapted with
acridine orange (5uM) for 20 min in TCK buffer. Sample was prepared with Val (10uM), DCCD
(500uM), and KCN (200uM) and stirred in the dark for 5 min as the background inhibitors. After
the addition of inhibitors, cells were pre-illuminated with 600 umol m s actinic light for 2 min,
and cells afforded 4 min in the dark before measurement with 15 sec of illumination at the same
light intensity. These plots are typical of 3 technical replicates. WT (A), FS1 (B), and MI6 (C)
after treatment with the background inhibitors (black symbols), 10uM DCMU (red symbols), or
DCMU and 250uM CCCP (blue symbols). Data was normalized to the [Chl]/OD of the WT to

account for differences in [Chl] per cell.

5.4 Discussion

The roles of FNR isoforms in electron transport pathways
The FNR isoforms in cyanobacteria, despite having small differences in their kinetics in

vitro (Korn et al. 2009), have very different roles in the regulation of the redox state of the
NADPH/Fd pools. FS1 has a higher NADP*/NADPH ratio and does not exhibit a changed
PSII/PSI ratio (Korn et al. 2009), indicating that the FNRs isoform is involved in the reduction of

Fd over the reduction of NADPH when it is the primary isoform. This was not the case in the
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WT, which, under normal growth conditions, has a much larger proportion of FNR. (Thomas et
al. 2006), the isoform possessed by the M16 mutant. Detectable amounts of the FNRs isoform are
present only during nutrient or light stress conditions (Thomas et al. 2006). When the WT was
exposed to conditions of high light or low CO, conditions that enhance CEF (Deng et al. 2003),
the FNRs isoform constitutes approximately half the total amount of FNR in species that can

express both isoforms (Thomas et al. 2006).

Consistent with earlier work (Korn 2010), it was shown that cyclic electron flow is
enhanced in FS1, containing only FNRs (Fig. 1E, 10, 11). This was determined by observing the
post-illumination rise of chlorophyll fluorescence which has two main components: a fast rise
associated with CEF and NDH-1, and a slower rise associated with carbohydrate oxidation
(Holland et al. 2015). In FS1, a 5 min illumination produces a higher level of reduction in the PQ
pool over the course of illumination to a more reduced steady-state, rather than oxidation to a
steady-state like in the WT (Fig. 9E). This is indicative of enhanced flow of electrons into the PQ
pool over the course of illumination. Upon cessation of illumination, there was a strong rise in
FS1, but not in the WT or MI6 (Fig. 9A, C, E), indicative of increased electron flow to the PQ
pool in the dark. When treated with KCN, the PQ pool generally reduces over the course of
illumination, to a point near F.- in the WT, slightly in MI16, and slowly and steadily in FS1 (Fig.
9B, D, F). After illumination, each of the strains exhibits a strong post-illumination rise at similar
rates, however FS1 had the largest rise of the three strains (Fig. 10, 11). To observe the rise
without inhibition of COX, a shorter illumination that avoids the activation of the competing
CBB cycle, and thus consumption of Fdres and NADPH, was performed on dark adapted cells,
and again FS1 was shown to have the largest rise in terms of magnitude, yet rises at
approximately the same rate as the WT (Fig. 11, black and green). The MI6 strain had a small
shoulder that declined well before FS1 or the WT started to oxidize PQ pool oxidation (Fig. 11,

red). These results support the hypothesis established previously that FNRs contributes more
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strongly to cyclic electron flow than does FNR. (Thomas et al. 2006, Korn et al. 2009, Korn
2010). Because the post-illumination rise is associated with NDH-1 activity (Battchikova et al.
2011, Holland et al. 2015, Artier et al. 2018, Zhang et al. 2020), and because NDH-1 complexes
depend on Fd.q to power their proton pumping activity (Zhang et al. 2020), the oxidation state of
the NADPH pool during illumination was investigated side-by-side with chlorophyll

fluorescence.

The WT and MI6 had similar kinetics of NADPH fluorescence in the absence of KCN,
with the WT having overall higher fluorescence during illumination, indicating a slightly more
reduced NADPH pool during illumination (Fig. 12A, C). Their post-illumination rise, associated
with carbohydrate oxidation, was similar in both, being slightly larger in the WT. The FS1
mutant, on the other hand, had strikingly unique kinetics. It had a sharp rise in fluorescence after
illumination, shifted ~15 sec earlier than the peaks seen in WT and MI6 (Fig. 12E). This might be
FNRs operating as an NADPH reductase early in illumination due to a large influx of
photosynthetically reduced Fd. Because the CBB cycle is regulated by the redox state of the
NADPH pool, activating upon high levels of reduction (Tamoi et al. 2005), this could explain the
shifting of the oxidation of the NADPH pool by CBB activity to an earlier point in FS1 (Fig.
12E). There was steady oxidation of NADPH after this initial peak that was sharper in its
fluorescence decline than in the WT or MI6. This is likely due to CBB cycle activity drawing
down NADPH, the activity of flavodiiron proteins and COX, as well as Fd reduction by FNRs.
This oxidation state of the NADPH pool then reaches a steady state where it was consumed as
fast as it was produced with a higher NADP*/NADPH ratio than the WT or MI6 in the same
conditions, matching earlier data (Korn et al. 2009, Korn 2010). Post-illumination, FS1 was also
interesting in these conditions, with a large post-illumination rise (Fig. 12E). It is unlikely that
this peak can only be due to increased sugar oxidation activity, and that FNRs was also acting to

dissipate the reduced Fd now that it was no longer being photosynthetically produced at that
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point. Upon treatment with KCN, the WT pool was almost entirely reduced in the dark, with little
increase in fluorescence seen when illuminated (Fig. 12B). This was maintained throughout
illumination and was followed by a small post-illumination rise. The MI6 has similar kinetics as it
had before treatment with KCN, however fluorescence does not increase as much upon
illumination (Fig. 12D). It reaches a steady state after the slow oxidation of NADPH by the CBB
cycle, and post-illumination experiences a large increase in fluorescence. The FS1 had its fast
reduction of NADPH followed by a rapid oxidation, though this was not as rapid as without KCN
(Fig. 12F). After ~2.5 min, a trough was seen in fluorescence and it slowly and steadily rises for
the rest of illumination. Due to the lack of COX as an electron sink in these conditions, it is
possible that the slower oxidation followed by steady reduction of NADPH could be due to a
strong reduction of both NADPH and Fd pools, which would result in a slower exchange of
electrons between the two as they become further reduced. The slow rise could then be the FNRs
operating to reduce NADPH in conditions where Fd is overreduced, though still being consumed
to balance reductant.
The roles of FNR isoforms in the establishment of proton motive force

The establishment of proton motive force in cyanobacteria is dependent upon
photosynthetic electron transport upon illumination. When PSII is inhibited, the major driver of
proton pumping by CEF-driven electron transport is NDH-1 (Chapter 1V). Because NDH-1 is
dependent upon Fdq to supply electrons (Zhang et al. 2020), the ability to establish the proton
gradient in the absence of PSII activity is indicative of the Fd reduction state. When dark-adapted,
the WT has its fastest rate when PSII is active, with the addition of DCMU decreasing the rate by
~50% (Fig. 14A, Table 3). FS1 was similar in rates to the WT in these conditions (Fig. 14B,
Table 3), while the rates in MI6 were severely reduced (Fig. 14C, Table 3), achieving only
~50% the rate of the WT when PSII is active. When PSII is inhibited, its rate is only 28% the rate
of MI6 without DCMU, indicating a severe inhibition of CEF in these conditions for MI6, likely

due to a lack of Fdrq for consumption. These data indicate that FNRs is an important component
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in the shifting from dark to light conditions, providing reductant for CEF and contributing to the

formation of PMF, even when PSII is active.

Because repeated illumination of the same sample was seen to cause increases in the rate
of AO quenching, a pre-illumination of 600 pmol m s over a period of 2 min was applied to the
cells, followed by darkness for 4min and then measurement of the typical 15 sec illuminations at
600 umol m2 s1. This caused rate increases in all the strains measured. The rates in the WT
increased by ~33% with and without DCMU, indicating the same process is responsible for this
increase (Fig. 15A, Table 3). The MI6 mutant had dramatic increases in rate, nearly matching the
WT after pre-illumination (Fig. 15C, Table 3). The FS1 mutant, however had the most dramatic
increase in rate, more than doubling without DCMU, and tripling with DCMU (Fig. 15B, Table
3). When treated with DCMU, FS1 was able to achieve ~70% the rate without DCMU, a dramatic
increase from the dark-adapted state. These data indicate that the pre-illumination period in the
presence of the background inhibitors results in the accumulation of reductant which may then be
consumed to generate PMF. Because the FS1 strain, containing only FNRs, has such a
dramatically increased rate compared to its counterparts, the FNR, isoform must be providing
Fdreq for consumption, as it also possesses a heavily oxidized NADPH pool. Because the pre-
illumination also increased the rate in MI6, did so to near WT levels, and is the primary FNR
isoform present in cells in normal growth conditions, it is clear that this subunit is able to provide
Fdrq for CEF and is the likely isoform doing so in the WT, but only after a period of illumination
to adapt to the new redox conditions. This indicates that these isoforms have different functions in
maintaining the redox state of the NADP(H)/Fd pools.

Hypothesized roles of FNR isoforms in vivo

The presence of alternately regulated FNR isoforms in cyanobacteria capable of

heterotrophy suggests that they have different roles in their maintenance of the NADPH/Fd redox

state. Because the NADPH pool is oxidized over the course of illumination in a mutant
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expressing only FNRs (Fig. 12E), it has enhanced CEF (Fig. 10, 11), and it allows for enhanced
CEF-driven proton pumping both with and without adaptation to light (Fig. 14, 15, Table 3). This
suggests that FNRs is primarily involved in NADPH oxidation/Fd reduction, as Fdrq is the source
of reductant for NDH-1 complexes, the primary driver of proton pumping in the dark-light
transition (Chapter IV). This also suggests that FNRs is useful in the transition from dark to light,
allowing faster adaptation to the light and establishing PMF more quickly to utilize the energy
produced. When FNR_ is the only isoform present, the establishment of PMF is slowed until fully
adapted to illumination where it approaches WT rates of AO quenching. The data then suggest
that FNRs is useful for allowing for fast adaptation to illumination and likely provides reductant
for proton pumping through carbohydrate oxidation in the dark, and FNR_ is useful for long-term
adaptation to illumination and may be used to reduce Fd for CEF given time in the light. The
roles suggested here also raise a question of whether cyanobacteria that possess both FNR and
FNRs have a more robust response to fluctuating light conditions than do species that only

possess FNRL.

5.5 Conclusions
The FNR isoforms present in cyanobacteria capable of heterotrophy present an

interesting and poorly understood system for regulating the redox state of the NADPH/Fd pools.
The soluble FNRs is utilized in vivo most generally as an NADPH oxidase in the light, allowing
for rapid adaptation to the dark-light transition and produce a proton gradient quickly. This may
allow these bacteria to more rapidly acclimate to altered conditions of photosynthetic electron
flow. Alternatively, the FNR_ isoform attached to the PBS is mostly involved in the reduction of
NADP* and may be utilized to reduce Fd when enough reductant as NADPH is available,
allowing powering of NDH-1 and CEF proton pumping. The genetic redundancy of these

isoforms suggests that there is a functional reason these isoforms are kept in some cyanobacteria,
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and perhaps it allows these cyanobacteria capable of heterotrophy to more readily adapt to

changes in the environment that affect the internal redox pools.
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CHAPTER VI

CONCLUSION

6.1 Conclusions
The focus of this dissertation is on investigating the kinetics and contributions to the

coupling mechanism between photosynthetic electron transport and the establishment of the
proton motive force across the thylakoid membrane, which is used to drive the synthesis of ATP.
To accomplish this, | was able to develop techniques to monitor the formation of the PMF by
tracking the ApH component under conditions that shift the balance of the two interchangeable
energetic components of the pmf, the electrical (Ay) and the proton concentration (ApH),
towards ApH and utilize a fluorescent dye, acridine orange (AO) as a spectroscopic probe of
changes in ApH. Moreover, | was able to combine this observational tool with more well-
established spectroscopic probes of photosynthetic electron transport including chlorophyll
fluorescence and NADPH fluorescence. These tools were then applied to the analysis of specific
mutants of electron transport proteins that were known or hypothesized to be involved in the
important, yet poorly understood process of cyclic electron flow (CEF). As noted, CEF is
important in plants, algae, and cyanobacteria in tuning the output ratio of reducing and
phosphorylating power, depending on changing cellular demands for NADPH and ATP. In
Chapter 1V, | presented evidence for CEF-driven proton pumping through cyanobacterial NDH-1
complexes and showed that they are major contributors to the formation of ApH in the dark-light

transition. This data showed that the primary contributor to ApH formation is the water oxidation
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activity of PSII, being the only source of light-induced ApH formation in the mutant M55,
lacking functional NDH-1 complexes. The NDH-1 complexes were then shown to be the primary
sources of proton pumping in the dark-light transition when PSII was inhibited, able to
compensate for the loss of PSII by achieving ~40% of the uninhibited rate in the WT,
highlighting the importance of NDH-1 complexes in the recycling of electrons via CEF. The role
of the NDH-11,> complexes was also highlighted as being the NDH-1 complexes mostly
responsible for electron flow driven proton pumping as the inactivation of NDH-11,, complexes
by deletion of the ndhF1 gene did not fully eliminate CEF-driven proton pumping, but did inhibit

it severely.

To further investigate the mechanisms that allow CEF to power proton pumping by NDH-1
complexes, the roles of the FNR isoforms in Synechocystis sp. PCC 6803 were investigated in
Chapter V with respect to the redox states of the PQ and NADPH pools as well as proton
pumping activity. Two mutants were utilized, each lacking either the PBS-associatedFNR_ or the
soluble FNRs. The data in this chapter illustrated that these two isoforms have different functional
roles despite being produced from the same gene at different translation start sites (Thomas et al.
2006). The FNRs isoform functions primarily as an NADPH oxidase and provides Fd to enhance
CEF via NDH-1. The FNR_ isoform, on the other hand, operates primarily as an NADP*
reductase, though will operate as an NADPH oxidase after sustained (10’s of seconds) exposure
to actinic illumination. We also showed that proton pumping activity in the absence of PSII was
dramatically enhanced by the presence of FNRs, further implicating it in supplying reductant for
CEF. The expression of the FNRs isoform has been previously shown to increase in conditions of
heterotrophy or stress such as high light exposure, conditions which increase CEF demands. The
hypothesis was developed that FNRs is utilized to power heterotrophic metabolism to aid in the
transition and acclimation to fluctuations in light. The FNR_ isoform on the other hand is

effective on a longer scale of illumination, being the primary photoautotrophic isoform and acting
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primarily as an NADP* reductase until enough reductant is produced to push the reaction in the
opposite direction. The results described in this study brings insights into the coupling and
energetics of CEF to the driving of NDH-1 proton pumping, as well as shedding light on the
system that mediates the supply of electrons to NDH-1 and other components of photosynthetic

electron flow.

6.2 Future directions
This work opens a door for further work to be done on understanding the establishment

of proton motive force in cyanobacteria. The techniques developed here may be utilized to
understand the mechanisms of the cyanobacterial NDH-1 complexes, and particularly that of the
complexes that hydrate CO; for later fixation, the NDH-134 complexes. These complexes have
only recently had their structures determined, and there are surprising components in the active
sites of the carbonic anhydrase-like subunits. Proton pumping assays, in combination with
fluorescence and CO- uptake assays, could yield invaluable information on the mechanisms
behind these complexes, potentially providing the groundwork for biomimetic CO, scrubbing

technologies.

The roles of the FNR isoforms in the balancing of electron carriers is a subject that has
been little explored but may yield some interesting insights about the fundamentals of
photosynthetic electron flow as well as the evolution of photosynthesis. It remains unclear why
some cyanobacteria have retained the isoform and others have not. Heterotrophy is a common
thread for many of the species that possess both isoforms, however it is not only in those capable
of heterotrophy. The utilization of the FNRs isoform in stressful conditions such as fluctuating
light, low carbon, or high light may indicate that strains possessing this isoform may outperform

strains that lack it in terms of adapting to the stressors.

Toward the end of my thesis work, | was able to observe that excluding Na* from the

cellular environment strongly influences the apparent rate at which proton pumping across the
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thylakoids. Based upon the observation that the Na* ionophore monesin produces the same effect
in Na*-containing buffer, it is clear that a ANa* across either the cytoplasmic or thylakoid
membrane is required to produce maximal rates of proton pumping across the thylakoids.
Moreover, the in the absence of repeated illuminations when the Na* gradient is present, but the
formation of the ApH gradient remains unaffected by pre-illumination when there is a Na*
gradient suggesting that whatever physiological paremeter is being affected by the absence of a
ANa* can be mitigated, but not overcome by some product of photosynthetic activity. Since a
ANa* is know to be critical for cytoplasmic pH homeostasis in cyanobacteria (Ritchie 1998),
perhaps monitoring cytoplasmic pH would be worthwhile. Overall, physiological basis for these

intriguing phenomenon remains unknown and thus bears further investigation.
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FIGURE APPENDIX
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Figure S1. Effect of KCN on chlorophyll fluorescence in near saturating actinic light in the
wild type. Chlorophyll fluorescence of dark-adapted cells in TCN buffer with 150mM KCI
without (black) and with (red) the addition of KCN to cells in the presence of 330uE actinic light.

Multiple turnover flashes (MT) were provided where indicated. Data are normalized to F, of the
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trace with no KCN.
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Figure S2. Light intensity dependence of chlorophyll fluorescence. Chlorophyll fluorescence
traces were measured in dark adapted wild type cells in TCN buffer with 70uE (black), 166uE
(red), 339uE (green), 660uE (blue) actinic light with a multiple turnover flash after 22 seconds of

illumination. Traces normalized to Fr, and values used to calculate g, in Fig. 7B.
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Figure S3. Quenching of AO fluorescence in the presence of DCMU with a longer
illumination time. Acridine orange fluorescence of dark-adapted WT cells in TCN buffer with
acridine orange (5uM), KCI (150mM) plus Val (10uM), DCCD (500uM), and KCN (200uM)
(black) or with the addition of DCMU (red). Actinic illumination of 600 pmol m2 secwas

applied at time zero.
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Figure S4. Effect of the addition of glucose on AO quenching rate in cells treated with

DCMU. WT cells treated with background inhibitors were measured with no other additions

(black circles), in the presence of DCMU (red squares), or in the presence of DCMU and glucose

(green diamonds). Traces representative of three technical replicates.
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Figure S5. Effect of the addition of KCN on chlorophyll fluorescence in the strains

measured. Cells of the WT (A), AndhF1 (B), and M55 (C) were dark adapted in TCN buffer +
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150mM KCI and chlorophyll fluorescence measured with 53uE actinic illumination. Cells were
either left untreated (black) or treated with 200uM KCN (red). Multiple turnover flashes (MT)
were provided where indicated. Data normalized to Fo with no KCN. Arrows indicate actinic

illumination beginning (up) or ceasing (down).

Table S1. Primers used to generate AndhF1 by Gibson assembly.

Primer name | Sequence Target
ndhF1_US F | AGCAGATTGTACTGAGAGTGCA | Upstream of ndhF1
CCAGCTCACAGGACAAAGCAT

AATC

ndhF1_US R | AGGTTTCGGTCTCGTTCATTGTT | Upstream of ndhF1
GCACGGAG

ndhF1_DS F | CAAGCCGAGATCGGCTAAGCTT | Downstream of ndhF1
TCCAGCCAAAC

ndhF1_DS R | CCCGGGGATCCTCTAGAGTCGA | Downstream of ndhF1
CCTGCACGCCTTGTTCGGTAGC

AAC

Gm_F TGCAACAATGAACGAGACCGA | GmR cassette of HT-3
AACCTTGCGC

Gm_R TGGAAAGCTtAGCCGATCTCGG | GmR cassette of HT-3
CtTGAACGAATTG
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