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Abstract

Scanning electrochemical microscopy (SECM) offers a fast and quantitative method to measure
local fluxes within photosynthesis. In particular, we have measured the flux of oxygen and
ferrocyanide (Fe(CN)"), from the artificial electron acceptor ferricyanide (Fe(CN)g’), using a
stationary ultramicroelectrode at chloroplasts and thylakoid membranes (sourced from
chloroplasts). Oxygen generation at films of chloroplasts and thylakoid membranes was detected
directly during photosynthesis, but in the case of thylakoid membranes this switched to sustained
oxygen consumption at longer illumination times. An initial oxygen concentration spike was
detected over both chloroplast and thylakoid membrane films, and the kinetics of the oxygen
generation were extracted by fitting the experimental data to a finite element method (FEM)
simulation. In contrast to previous work, the oxygen generation spike was attributed to the
limited size of the plastoquinone pool, a key component in the linear electron transport pathway
and a contributing factor in photoinhibition. Finally, the mobile nature of the SECM probe, and
its high spatial resolution, also allowed us to detect ferrocyanide produced from a single
thylakoid membrane. These results further demonstrate the power of SECM for localized flux
measurements in biological processes, in this case photosynthesis, and, that the high time
resolution, combined with FEM simulations, allows the elucidation of quantitative kinetic
information.
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Introduction

Photosynthesis is the ultimate source of virtually all metabolic energy, converting sunlight to a
useable form of chemical energy to drive otherwise endogenic reactions needed for the growth
and maintenance of organisms.'” Within higher plants, all the primary processes of
photosynthesis, e.g. light capture and electron transport, leading to NADPH and ATP synthesis,
and many secondary processes, " are located in the chloroplast. The light-dependent components
of the photosynthetic pathway are embedded in the thylakoid membrane, which is contained
within the chloroplast, as illustrated schematically in Figure 1 A. Isolated chloroplasts and
thylakoid membranes have consequently been used extensively to investigate aspects of
photosynthesis,” but the majority of investigations have been performed on large populations,
with data averaged over many individual chloroplasts or thylakoid membranes. This averaging
reduces the temporal resolution of any measurement and, as such, obscures potentially interesting
kinetic aspects of photosynthesis.

Microscopy investigations of individual chloroplasts and thylakoid membranes have tended to
focus on structure, rather than the flux of chemical species, using techniques such as optical
microscopy,” electron microscopy,”® atomic force microscopy,”'® or scanning tunneling
microscopy.'' Optical microscopy techniques, such as fluorescence microscopy, provide some
opportunities to access chemical fluxes from individual cells (or components) but this is indirect,
requiring the use of appropriate indicators.'*"

In terms of flux measurements, scanning electrochemical microscopy (SECM) is particularly
suited to detect a wide range of redox-active species with high spatial and temporal resolution.'*"
'8 A small electrode (tip) is immersed in solution close to a sample and the current response at

the electrode, arising from electrochemical processes taking place at the electrode, is recorded. A



diagram of a typical SECM tip investigating a redox process (Fe(CN)s*"*) at a surface is shown
in Figure 1 B. The spatial resolution of SECM is governed by the size of the electrode, which is
typically in the region of 100 nm - 25 um,'* and the distance of the tip from the surface."” The
geometry of the SECM tip, and the ability to place it at a defined distance from a sample, allows
the flux of the redox-active species at the sample to be calculated from the current measured, by
20-22

solving the underlying mass transport problem.

SECM is proving increasingly popular for studying living cell monolayers and individual

23-34 35,36

cells. Particularly relevant to this study are previous reports on aspects of photosynthesis,

for example, measurements of the local oxygen flux from single stomata of Brassica juncea®
and the local oxygen flux above individual guard cells in intact plant leaves.’® Two-dimensional
imaging of the oxygen evolution from a single protoplast’ (a plant cell with the cell wall
removed) and quantification of the steady-state oxygen generation from single protoplasts*®**
have also been reported. An individual component of the light-dependent photosynthetic
pathway, photosystem I, has been investigated electrochemically” and using SECM.** In
addition, the insertion of an AFM tip with an integrated electrode into single algal cells and
chloroplasts has also been recently demonstrated, with the direct extraction of electrons from the
photosynthetic pathway and oxygen evolution in the cytosolic space reported.” " These studies
have tended to provide measurements of steady-state oxygen generation rates, but have not
exploited the ability of SECM to investigate processes with exquisite time resolution, an aspect
we demonstrate to be particularly powerful for the studies herein.

The fragile nature of individual chloroplasts makes them prone to lysis, and so it is important
to establish the state of the chloroplasts within the experimental configuration. Oxygen evolution

in the presence of ferricyanide is a well established method for measuring the proportion of burst

chloroplasts in an ensemble in suspension.”*' Ferricyanide is a well-known anionic, non-



physiological electron acceptor (producing ferrocyanide) which can only freely interact with
thylakoid membranes upon bursting of the chloroplast envelope.”® Once through the chloroplast
envelope, the impermeability of the thylakoid membrane only allows the
ferricyanide/ferrocyanide redox couple to act on the stromal side of photosystem II (PSII).>>™
This reaction involves the light-driven transfer of electrons from water to the
ferricyanide/ferrocyanide couple, with concomitant evolution of oxygen. In this way, envelope
intactness can be determined by measuring the flux of ferrocyanide generated under illumination.

The goals of this paper were several-fold: first, to use SECM methodology to assess whether
isolated chloroplasts (and, by extension, thylakoid membranes) films are a viable configuration in
which to study photosynthesis. Such a configuration opens up the possibility of high resolution
measurements of individual chloroplasts and thylakoid membranes. This was carried out by
assaying the intactness of a chloroplast film by the electrochemical detection of ferrocyanide
before and after osmotically shocking the film to burst all of the organelles. Second, we
determine the oxygen evolution and consumption at isolated, immobilized chloroplast and
thylakoid membrane films during photosynthesis by the direct detection of the oxygen. The
temporal resolution of SECM allows local oxygen generation and consumption rates to be
measured on much shorter timescales than previously. Kinetic data were extracted, analyzed and
interpreted by developing a finite element method (FEM) simulation, which faithfully represents
the physicochemical processes and mimics the geometry of the SECM configuration. In addition,
the effect of Mg®", Mn>" and CI’, which are thought to play a role in photosynthesis,”®>’ was
assessed at chloroplast films. Finally, and with an eye to the future, we demonstrate the use of

SECM to determine the turnover rate of the ferricyanide/ferrocyanide redox couple on a single

thylakoid membrane.



Experimental

Instrumentation

An SECM mounted either on a confocal/fluorescence microscope (TCS SP5 MP, Leica) or an
inverted microscope (Axiovert 25, Zeiss) was used for these studies. The tip electrode was
positioned using micropositioners (Newport Corp) for coarse control and piezoelectric
positioners, either a Nanocube P-611.3S (Physik Instrumente) or Trito 100 (Piezosystems Jena),
for fine control. A two-electrode setup was used for dynamic electrochemical measurements,
with the current measured using either a home-built current follower through a FPGA card
(PCIe-7852R, National Instruments) controlled using LabVIEW software (LabVIEW 2011,
National Instruments) interface or a potentiostat (CH730A, CH Instruments). The working
electrode (SECM tip) was typically a 25 pm diameter Pt or Ag disk-ultramicroelectrode (UME),
and a AgCl-coated Ag wire was used as a quasi-reference counter electrode (QRCE), against
which all potentials are quoted. The sample was illuminated by either the fluorescence
microscope, with an I3 filter set (band pass filter 470 + 20 nm and dichroic mirror 510 nm,
Leica), or a halogen lamp (HL-2000-HP-232, Ocean Optics), with a 650 + 80 nm bandpass filter,
which was controlled via a personal computer (Faulhaber motion manager 2). The light intensity
was measured using a silicon detector photodiode (NT 53-375, Edmund Industrial Optics).

Confocal laser scanning microscopy (CLSM) of individual chloroplasts and thylakoid
membranes was obtained with a Zeiss LSM 510 microscope, using a water immersion objective
lens (Zeiss, Achroplan 63 x / 0.95 W) with an argon laser (A = 488 nm) and 505 nm long pass

filter.

Materials and Chemicals



Solutions: A series of buffer solutions was used, as defined in Table 1, with all chemicals of
the highest grade from Sigma-Aldrich. Solutions were prepared with Milli-Q reagent grade water
(resistivity of ca. 18.2 MQ cm at 25°C). Percoll pads (2 ml of 5xHS buffer, 3.5 ml Percoll
(Sigma-Aldrich), 4.5 ml H,O) were used in the preparation of the chloroplasts. Poly-L-lysine
(PLL) (Sigma-Aldrich) was used to prepare the slide surfaces onto which chloroplasts and
thylakoid membranes were immobilized. Ferricyanide (Fe(CN)s>, Fischer Chemicals) as the
potassium salt was used as purchased.

Samples: Chloroplasts were isolated from 8 to 9 day old peas (Pisum sativum, var. Kelvedon
Wonder) by the mechanical disruption method.®® In brief, leaves were homogenized using a
Polytron blender (Kinematica GmbH) in HEPES-Sorbitol (HS) buffer (defined in Table 1),
before being filtered through a double layer of Microcloth (Calbiochem) and centrifuged at 3300
g for 2 minutes. The chloroplast pellet was re-suspended in 2 ml of HS buffer and transferred
onto a Percoll pad, centrifuged at 1400 g for 8 minutes and the supernatant discarded. The pellet
was resuspended in 10 ml HS buffer, centrifuged at 3000 g for 2 minutes before finally being re-
suspended in a minimum volume (0.5 - 0.8 ml) of HS buffer. The chlorophyll content was
determined spectrophotometrically using the method of Arnon®' and adjusted to 2.0 mg/ml.
Thylakoid membranes were extracted by taking 0.4 ml of chloroplast solution, centrifuged at
7000 rpm for 2 minutes and re-suspending in HEPES-magnesium (HM) buffer (defined in Table
1) for 5 minutes on ice to osmotically lyse the organelles. The lysed chloroplasts were washed
twice in HS buffer and once in HM buffer by centrifuging at 14,000 rpm for 2 minutes. The
thylakoid membranes were finally re-suspended in 0.4 ml HM buffer at a concentration of 2
mg/ml chlorophyll.

Deposition: Chloroplasts and thylakoid membranes were immobilized onto PLL covered

slides, which were prepared by sonicating in acetone and then water for 10 minutes, followed by



drying with nitrogen and immersion in 0.1% (w/v) PLL solution for 5 minutes, and finally curing
for 1 hour at 60 °C. 10 pl of either the chloroplast suspension or thylakoid membrane suspension
was deposited onto each slide. After two to three minutes for the films and 30 seconds for the
individual isolated thylakoid membranes, the slide was gently rinsed twice with the appropriate
buffer. The films were relatively uniform and of high coverage, as shown by the optical
microscope images (taken on the Leica inverted microscope) shown in Figure 2 A and B.
Analysis of the optical images allowed the surface coverage to be determined as ca. 3.5 x 10°
chloroplasts/cm?® or 2.5 x 10° thylakoid membranes/cm®. To further confirm the deposition of the
chloroplast and thylakoid membrane films, CLSM z-stacks of individual chloroplasts and
thylakoid membranes, shown in Figure 2 A and 2B respectively, were obtained using the intrinsic
fluorescence of chlorophyll. These confirmed the height dimensions expected of individual
chloroplasts (4 — 5 um) and thylakoid membranes (2.5 — 3.5 um), and showed clearly that

immobilization results in the formation of a monolayer.

SECM Methods
All measurements were made in solutions which had been pre-chilled with temperatures
between 4 and 6 °C measured during experiments. Pt electrodes are optimal for the detection of

. 2
ferrocyanide.**

Although Pt could also be used to detect O,, Ag electrodes have been found to
give a more stable response.”” Prior to measurements, the electrochemical cell was typically
equilibrated in the dark for 5 to 10 minutes and the Pt working electrode tips were pre-oxidized
at 1.2 for 10 seconds to activate them prior to measurements, while Ag UMEs were used without

further pretreatment (after polishing with fine alumina powder).** The SECM tips were typically

positioned at a distance of 12.5 um (which corresponded to one electrode radius) above the



sample by using the diffusion-controlled reduction of oxygen or ferricyanide (negative feedback
control) for distance control.*>®

Chloroplast Intactness: The 25 pm diameter Pt disk UME was used to detect the production of
ferrocyanide, before and after osmotically shocking chloroplast films, during illumination (650
nm, flux of 9.4 x10"* photons cm™ s™). The process of osmotically shocking the chloroplasts,
adapted from that of Lilley et al.,”® involved soaking the film of immobilized chloroplasts in a
solution containing only 10 mM MgCl, for 1 minute, followed by the addition of double strength
HS+ buffer (see Table 1). This was then replaced by HS buffer containing 1 mM ferricyanide as
the redox mediator.

Oxygen Evolution/Consumption: The rate of oxygen evolution or consumption by immobilized
chloroplast films, in HS and HS+ buffers, and thylakoid membrane films in HM buffer was
monitored with an Ag disk UME with an SECM system mounted on an inverted microscope
(vida supra). The electrode was used to monitor the local oxygen flux as the films of
chloroplasts, or thylakoid membranes, were illuminated at four different light fluxes (16%, 26%,
60%, and 100% of maximum defined above). The current-time transient responses for oxygen
reduction at the electrode are presented as current magnitude relative to the background response
for oxygen reduction at the electrode in the dark (measured accurately before and after
illumination as 4.0 £ 0.3 nA). Thus, positive values of the current difference, Irigh — Ipark
indicate oxygen generation under illumination, whereas negative values indicate oxygen
consumption.

Single Thylakoid Membrane Studies: A Pt disk UME was positioned above an individual
isolated thylakoid membrane using the fluorescence microscope to aid lateral positioning. The tip
was held at a potential for the diffusion-limited oxidation of ferrocyanide to ferricyanide,

measured as a function of time, as the sample was illuminated (at 470 nm) at high light intensity



(3.2 x 10" photons cm™ s") through the fluorescence microscope, so as to saturate the
photosynthetic pathway. Experiments were carried out with and without 3.3 mM ferricyanide
present. Note that the single thylakoid membrane sample was illuminated using a different
wavelength of light than for the films, so as to maximize photochemical efficiency. A typical
optical image of an UME positioned over a single thylakoid membrane is presented in Figure 2

C, to illustrate the precision in lateral positioning that can be achieved.

Theory and Simulations

Oxygen is generated, as part of the photosynthetic electron transport pathway, from water
splitting at the stromal side of photosystem II (PSII). The primary electron acceptor at PSII is
plastoquinone (PQ), which accepts electrons (and protons) and diffuses within the thylakoid
membrane to donate the electrons to cytochrome bgf and protons to the thylakoid lumen. The
oxidized PQ must then diffuse back to PSII in order to accept further electrons in the chain.
However, there is a limited number of PQ molecules present, and under conditions where more
energy is absorbed, producing a higher flux of electrons than can be translated, the pool of PQ
becomes reduced and acts to block electron transfer.'*%"®® This, in turn, causes photoinhibition,
which is the regulation and inactivation of PSII and its associated proteins.®’’® Therefore, at the
reasonably short time periods, which we probe herein, oxygen production largely depends on the
overall oxidation state of the PQ pool.”" "

Oxygen Generation at Chloroplast Films: We develop FEM simulations based on a kinetic
model in which the rate of oxygen generation at the chloroplast film depends on the
concentration of oxidized PQ species (V,) which are consumed (kinetic constant k) to produce a
reduced PQ species (R;), but are also regenerated (kinetic constant k) to produce the oxidized

species.
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N )

Therefore, the number of oxidized PQ species, N, at time ¢, where ¢ is the time after switching

on the illumination, is:

ON
é‘tt = _kf Nt +kb(NO - Nt) (2)

where N is the total number of PQ species, which were all initially in the oxidized state. The
above equation can be integrated to give the number of PQ species at time ¢, from which the flux

of oxygen at the chloroplast film (boundary 3 in Figure 3), J, is:

5 kiNo G, +ke ™™
k, +K;

3)

Oxygen Generation at Thylakoid Membrane Films: Thylakoid membranes lack many of the
stabilizing components of the photosynthetic pathway, and so the initial oxygen generation,
before any limiting factors set in, was investigated and simulated. By focusing on the shortest
times, the oxygen flux on the film boundary is set directly.

FEM Simulations: FEM simulations were developed using Comsol Multiphysics 4.3 (Comsol
AB) on a 64 bit personal computer. The mass transport of oxygen within the SECM
axisymmetric cylindrical configuration is confined to diffusion-only transport, and, as such, is

described by Fick’s second law:

oc 2
—=DVc 4
ot @

where ¢ is the concentration of oxygen, and D is the diffusion coefficient of oxygen at 5°C,
which is 0.91 x10” cm?® s™'.”° The tip-current response was simulated using initial conditions and
the appropriate boundary conditions representing the experimental and geometrical constraints of

the system. The simulation domain and the boundary conditions are illustrated in Figure 3. The
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initial oxygen concentration within the domain of the simulation was set to 0.4 mM,”
appropriate for aerated aqueous electrolyte solution at 5°C.

The boundaries shown in Figure 3 have the following conditions (n is the surface normal).
Boundary 1 represents the axial symmetry in the cylindrical system, and so is set to have no
normal oxygen flux (Vc.n=0) at all times. Boundary 2 is the electrode, at which the oxygen
concentration is zero because the electrode is held at a potential to reduce oxygen at a transport-
limited rate (¢ = 0). Boundary 3 represents the substrate containing the chloroplast or thylakoid
membrane films, so the flux of oxygen at this boundary is time and light dependent. In the dark,
before the light is switched on, it is essentially inert, any consumption of oxygen due to
respiration or other processes can be considered as negligible (Vc.n=0). When the light is
switched on, this boundary is governed by a rate law described in detail above. Boundaries 4 and
5 represent the surface of the glass surround of the electrode, and have no normal flux
(Ven=0). Boundary 6 and 7 represent the bulk solution, and are set to the bulk oxygen
concentration (¢ = 0.4 mM).

As mentioned above the tip was held at a potential to detect oxygen naturally present in
solution, before the light was switched on, and so the simulation evaluated this current which
was allowed to reach steady-state, with no oxygen flux at the chloroplast or thylakoid membrane
films. A typical example of the simulated oxygen concentration profile prior to illumination is
illustrated in Figure 3 A, showing the profile characteristic of hindered diffusion. Upon
illumination, an oxygen flux is applied at the substrate, which is ultimately manifested as a
change in the tip current, from the reduction of oxygen, at the electrode. A typical simulated
substrate boundary flux-time profile, from equation (3), with Ny = 4.05 x 10" mol cm?, ky =
0.17 s and k; = 0.03 s, is shown in Figure 3 B. The corresponding tip current-time response is

given in Figure 3 C; this highlights that the oxygen reduction current increases above the

12



background level (due to oxygen in the aerated solution), but quickly produces a peak followed
by a decay to a steady response. The current at the electrode was determined from the integral of
the normal flux of oxygen at the electrode surface multiplied by the Faraday constant and the

number of electrons in the reduction of oxygen (which reasonably corresponds to 4).”°

Results and Discussion

Chloroplast Intactness Measured Through Accessibility to Ferricyanide

The level of chloroplast intactness in a film of chloroplasts immobilized on PLL covered glass
slides was determined by comparing the current responses for the oxidation of ferrocyanide at the
tip, generated at the chloroplast film during illumination, before and after osmotically shocking
the chloroplasts in the film. Figure 4 shows example current-time traces at a Pt SECM tip
positioned 12.5 um above a chloroplast film, for intact and osmotically shocked chloroplasts.
The response upon illumination is fast, but finite, and is a combination of the response time of
the photosynthetic system to illumination and the time taken for the ferrocyanide to diffuse from
the substrate to the electrode, although the diffusion from the substrate to the electrode
contributes most. The chloroplast envelope is known to be fairly impermeable to ferricyanide,”
but once the envelope has been ruptured, through the osmotic shock, ferricyanide can freely
diffuse to the thylakoid membrane and accept electrons at PSIL.>*° The detection of ferrocyanide
at the electrode demonstrates that the chloroplast envelope has been ruptured and that
ferricyanide has been reduced at the illuminated thylakoid membrane.

The difference in the amount of ferrocyanide detected between the intact and osmotically
shocked chloroplasts allows us to establish the percentage of intact chloroplasts in the initially
immobilized film as ca. 75 %, by taking the ratio of current measured during illumination at

intact and broken chloroplasts. It has been well documented that an average intactness of 70-80%

13



in solution is sufficient for studying photo-electron transport processes in chloroplasts and is
typical for this method of chloroplast isolation.”* Thus, the immobilization of the chloroplasts to
a solid support results in minimal further rupture of the chloroplast envelope and allows the ready

study of the photosynthetic pathway in this configuration.

Oxygen Evolution at Chloroplast Films

Oxygen evolution at chloroplast films, without any artificial electron acceptors in solution was
detected at an electrode placed close to the films upon illumination. As highlighted earlier,
oxygen evolution is the result of the photolysis of water occurring during the light reactions at
PSIL Figure 5 A shows example current transients for diffusion-limited oxygen reduction at an
Ag UME positioned 12.5 pm above a chloroplast film in isotonic HS buffer at four light
intensities. As mentioned above, oxygen is detected at the SECM tip in the dark, as it is present
naturally, and all currents are presented with respect to this value (Ip,k). For comparison Figure 5
B shows such an effect of the addition of MgCl,, MnCl, and EDTA, present in the HS+ buffer,
on the oxygen generation at chloroplast films.

Upon illumination of the immobilized chloroplast films, in both buffers, a sharp increase
(spike) in oxygen flux at the electrode was observed. The appearance of an initial oxygen
concentration spike has been reported previously, with Fork observing such a effect while
investigating oxygen exchange at chloroplasts in solution in the absence of a Hill oxidant, using a
macroscale Clark type oxygen electrode.”” Matsue ef al. also observed an initial intracellular
oxygen spike in algal protoplasts using ultramicroelectrodes with ring radii of approximately 2

40,41
pm.**

The oxygen spike was attributed to the consumption of the limited number of, then
unknown, electron acceptors by Fork, and to the consumption of the limited number of terminal

species (such as NADP) by Matsue. However, we observe an initial oxygen concentration spike
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of the same magnitude over films of both chloroplasts and thylakoid membranes (discussed
below), suggesting that the limiting factor responsible for the initial oxygen flux spike observed
is not the terminal electron acceptors which are not present in the thylakoid membrane. Rather, it
is more reasonably to propose a component of the linear electron transport pathway that is
present in both systems, and we suggest that it is, in fact, the limited size, and regeneration, of the
PQ pool for which we have developed the model above. This spike in oxygen concentration
rapidly reached a peak and then decayed to a much lower steady-state net oxygen evolution rate
which remained fairly constant for the remainder of the illumination period. Interestingly, a small
oxygen consumption signal by the chloroplasts was observed when the light was turned off (Ipign
— Ipak taking on negative values transiently). The oxygen consumption, after completion of the
illumination period, is most likely the result of oxygen acting as an electron acceptor at PSI, upon
depletion of the terminal electron acceptor, NADP, a process commonly referred to as the Mehler
reaction.'” Increasing light intensity resulted in the initial oxygen flux spike reaching larger
current values, for example the maximum current increase from 30 pA to 190 pA in HS buffer
(Figure 5 A) with an increase of light intensity from 16 % to 100 %. The quasi steady-state
oxygen generation during illumination also showed a positive correlation with light intensity.

It is evident that the initial oxygen generation was much larger in the HS+ buffer compared to
the HS buffer, with the lowest light fluxes ( 16 % and 26 %) showing a 5-6 times difference in
the peak oxygen current. This is consistent with the enhanced photosynthetic activity that has

56,59,78

been reported on bulk systems in the presence of the Mg®" ions, and could also be due to

the presence of chloride ions or Mn*" which play a crucial role in the water splitting
complex.’”7*°

Using the FEM model described earlier, the rate of oxygen evolution over the initial forty

seconds of illumination at the chloroplast film, for both HS and HS+ buffers, was calculated. The
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first 40 seconds was chosen in order to incorporate the initial oxygen concentration spike and its
subsequent decrease to a steady-state oxygen evolution current. The evolution of oxygen is based
on the rate of consumption (k) and regeneration (k) of PQ, and the simulated response for the
oxygen evolution in HS buffer is illustrated in Figure 5 C and D, alongside the corresponding
experimental data. The rate constants (ks k, and Ny), calculated by fitting the simulated response
to the peak height, peak width at half height and quasi steady-state current, are summarized in
Table 2. These results show a proportional relationship between &y and light intensity. This was
expected due to oxygen evolution being centered on a light driven process in photosynthesis. The
initial oxygen generation strongly depends on the forward rate constant, ks but the longer time
response has a weak dependence on the regeneration of the limited PQ pool, k5. Interestingly, the
total amount of PQ, Ny, which we calculated as part of the model was fairly consistent between
the different simulations and in the different buffers.

We can compare the value of the total amount of PQ, Ny, to what we might expect within a
chloroplast monolayer. We do so by using the ratio of the moles of chlorophyll to PQ in
chloroplasts and from the ability to determine the surface coverage of the slides under the
electrode area from the microscopy images. The amount of chlorophyll per chloroplast is ca. 1 x
10" moles,*" and ratio of chlorophyll to PQ is ca. 70:1.** The optical microscope images, Figure
2 A, were used to calculate the number of chloroplasts per square centimeter (3.5 x 10°) and
hence the total number of moles of PQ per square centimeter was calculated by multiplying by
the amount of chlorophyll per chloroplast and then dividing by the ratio of chlorophyll to PQ.
The effective concentration of PQ, Ny, was ca. 5 x 10! mol cm™. This compares very well with
the Ny values calculated as part of the model. This further reinforces the idea that the PQ pool,

and its state, has a massive influence on the oxygen generation profile during illumination.
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Oxygen Evolution at Thylakoid Membrane Films

Local oxygen fluxes from films of immobilized thylakoid membranes in HM buffer were
recorded under illumination. Although thylakoid membranes contain the light-driven components
of photosynthesis they lack many other components of photosynthesis, most importantly the
terminal electron acceptor, NADP. In the absence of an artificial electron acceptor, the oxygen
fluxes generated by the thylakoid membranes, when illuminated, were found to be similar at very
short times but different at long times, when compared to those measured from intact
chloroplasts. This is evident in Figure 6, which shows the current measured at an Ag electrode
placed above a film of thylakoid membranes, at a series of different light fluxes. An initial
cathodic spike at the electrode, corresponding to oxygen generation, was observed upon
illumination. This initial oxygen concentration spike increased with increasing light intensity, as
found for the films of chloroplasts, except the peak at 100 % which was actually slightly lower
than at 60 %. This is because the spike was followed by a rapid decrease of oxygen flux at the
electrode to a level which indicated significant oxygen consumption by the thylakoid membranes
under all light intensities. A steady-state current was obtained after approximately 60 seconds of
illumination for this net oxygen consumption. The current measured at the tip, indicative of
steady-state oxygen consumption, was found to increase with light intensity. Once the
illumination period of 160 seconds was complete, and the light was switched off, the local
oxygen flux at the electrode (tip current) returned to the dark steady-state current value.

It has been observed that during times of limited availability of electron acceptors for PSI, such
as NADP, oxygen itself can act as the terminal electron acceptor (Mehler reaction).'” The
decrease in oxygen flux at thylakoid membranes, compared to chloroplasts, can be attributed, in
part, to oxygen taking over as the main terminal electron acceptor and hence a competition is

established between oxygen production and consumption. However, the steady-state oxygen
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consumption indicates that additional light induced oxygen reduction is occurring at the
thylakoid membranes.

The initial oxygen production rate was determined at each of the light intensities by analyzing
the initial oxygen generation spike. The calculated initial fluxes and corresponding rate constants
(fluxes divided by the average total amount of PQ, 4 x 10™! mol cm™) are given in Table 3. The
rate constants for oxygen generation show a reasonable trend, being proportional to the light flux.
Moreover, as highlighted above, the rate constants for the generation of oxygen in thylakoid
membrane films and the forward rate constant for chloroplasts films are broadly similar.

In past work, the initial oxygen concentration spike, which was observed with the chloroplast
films (see above), has been ascribed to the rapid consumption of the limited number of terminal

40,41
electron acceptors.*”

However, we have observed that the initial oxygen fluxes after
illumination is of the same magnitude in both chloroplasts and thylakoid membranes. If the lack
of terminal electron acceptors was responsible for controlling the oxygen generation rate, then
one could reasonably have expected it to be significantly slower and less extensive in thylakoid
membranes as compared to chloroplasts. Given our results, which have been obtained with much
higher time resolution than in previous studies, it is perhaps more reasonable to consider the

oxidation state of the PQ pool, and its size, to control the initial photo-generation of oxygen in

both chloroplasts and thylakoid membranes.

Single Thylakoid Membrane Ferricyanide Reduction
We now turn to the case where we monitor photosynthetic activity via the artificial electron

. . . . 1 48-52
acceptor ferricyanide, which produces ferrocyanide™™

that is subsequently detected at the
SECM tip. We investigate this process at the level of a single isolated thylakoid membrane using

a 25 um diameter Pt disk UME (as shown in Figure 2 C). Figure 7 shows typical current-time
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responses for the detection of ferrocyanide for the following scenarios: (a) when the electrode
was placed over an individual thylakoid membrane with no ferricyanide present; (b) at the same
thylakoid membrane with 3.3 mM ferricyanide present; and, (c) in the bulk solution with no
thylakoid membrane but with 3.3 mM ferricyanide. Without ferricyanide present, or with the tip
in bulk solution, no significant change in current was detected upon illumination of the
membrane. When ferricyanide was present and the tip was directly above a thylakoid membrane,
an increase in the current was measured at the electrode during illumination, indicating that
ferricyanide was reduced at the thylakoid membrane and detected as ferrocyanide at the
electrode. The maximum current recorded corresponds to 1 x 107° mol s of ferricyanide being
reduced by a single thylakoid membrane. The proximity of the electrode to the thylakoid
membrane and the size of the electrode with respect to the thylakoid membrane result in the
detection of close to 100% of the ferrocyanide generated and so the current is a direct
measurement of the thylakoid membrane activity. This corresponds, assuming a 2 um radius
thylakoid membrane, to a flux of 8 x 10" mol cm™ s™, which is 200 times larger than the oxygen

flux seen at the films of chloroplasts and thylakoid membranes.

Conclusions

SECM has been demonstrated to be a powerful method for the quantitative measurement of the
local flux of redox active species from isolated chloroplasts and thylakoid membranes during
photosynthesis. The ability to place an electrode precisely, within a few microns of the sample,
has allowed effective, real-time measurements of redox processes not only from monolayer films
of chloroplasts and thylakoid membranes, but also at single isolated thylakoid membranes.
SECM has also been shown to provide an assay of chloroplast viability, demonstrating that

chloroplasts deposited on PLL-modified substrates suffer from minimal ruptures, as determined
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by the measurement of the oxidation of ferrocyanide before and after osmotically shocking
chloroplast films.

Both oxygen generation and consumption has been determined directly at chloroplast and
thylakoid membrane films under illumination. The chloroplast and thylakoid membrane films
showed an initial oxygen generation flux which quickly peaks, with chloroplast films then
reverting to steady-state oxygen production and thylakoid membrane films reverting to steady-
state oxygen consumption at longer times. The trend in oxygen generation rate with time is most
likely a result of the oxidation state of the limited PQ pool, and not, as previously reported, due
to the limited availability of terminal electron acceptors.*”*! The addition of MgCl,, MnCl, and
EDTA increases the generation of oxygen from chloroplast films, confirming that one, or more,
of these components play a role in oxygen generation during photosynthesis. This aspect shows
the possibility of using the SECM technique to study the role of various additives within
photosynthesis.

Finite element modeling was used to quantify oxygen generation kinetics at the films. The
model developed for the chloroplast films took account of the regeneration and consumption of
available oxidized species and was used to rationalize the initial oxygen generation spike and
subsequent oxygen generation. Fitting the model to the experimental data demonstrated that the
rate constant for consumption of available PQ species, ks, was significantly light dependent,
while generation of the oxidized species, k5, only showed a very weak dependence at higher light
intensities. Further evidence for the validity of the model was that the PQ pool size estimated as a
variable in the model compared well with values expected from literature. Furthermore, the
initial oxygen generation rates for thylakoid membranes were consistent with those for
chloroplasts, adding weight to the assumption that the PQ pool state, and size, controls the initial

oxygen generation rates, rather than the presence of terminal electron acceptors.
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Table 1.

Composition of buffers; KOH was also added to all buffers to adjust the pH to 8.0.

Buffer | HEPES / Sorbitol / | ethylenediaminetetraacetic | MgCl, / MnCl, /
mM M acid (EDTA) / mM mM mM

HS 50 0.33 - - -

2xHS | 100 0.66 - - -

5SxHS | 250 1.65 - - -

HS+ |50 0.33 2 1 1

HM 10 - - 5 -
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Table 2. Oxygen evolution rates of chloroplast films, in HS and HS+ buffers, calculated from
fitting the finite element model to the experimental data.

N, / mol cm™ ke /s ky /st

Buffer Light Intensity (0.1 x 10™) (+0.01) (+0.01)
HS 100% 3.4 x 10" 0.35 0.04
HS 60% 3.1x 10" 0.13 0.02
HS 26% 35x 10" 0.05 0.02
HS 16% 3.2x 10" 0.03 0.03
HS+ 100% 5.7 x 10! 1.17 0.01
HS+ 60% 5.0 x 10 0.75 0.01
HS+ 26% 42 x 10" 0.39 0.01
HS+ 16% 3.2x 10" 0.28 0.01




Table 3. Oxygen evolution rates for the initial 1 second of oxygen generation of thylakoid
membrane films calculated by fitting the finite element model to experimental data.

Oxygen flux Oxygen evolution initial
Buffer | Light Intensity / mol cm? s rate constant (k/No)
(+0.1 x 10™?) /s*
(+0.01)
0 12
HM 100% 3.9x10 0.10
0, -12
HM 60% 4.3x10 011
0 -12
HM 26% 2.8 x10 0.07
0 -12
HM 16% 1.8 x 10 0.04




Figure Captions

Figure 1. A) A simplified diagram of the light dependent components of photosynthesis
imbedded within the thylakoid membrane, contained in the chloroplast, which is located within
plant cells in higher plants. '* The primary components of the photosynthetic pathway consist of
photosystem II (PSII), cytochrome bef complex (cyt bef), photosystem I (PSI) and ATP synthase.
PSII uses the energy from absorbed photons to split water. The electrons generated are
transferred to cyt bef by plastoquinone (PQ), while also pumping protons across the membrane,
and on to PSI by plastocyanin (Pc). PSI, though intermediary proteins, uses this and energy from
absorbed photons to convert NADP to NADPH. ATP synthase uses the generated proton gradient
to convert ADP to ATP. B) Schematic of the generation of ferrocyanide (from ferricyanide

present in bulk) at a substrate film and its collection at the electrode tip.

Figure 2. A) Optical (left) and z-stack confocal (right) images of chloroplast films. B) Optical
(left) and z-stack confocal (right) images of thylakoid membrane films. Scale bar is 50 um on the
optical images (left of A and B) and 2 um on the confocal microscopy images (right of A and B).
C) A single thylakoid membrane seen as the bright green spot in the middle of the image, with a
25 um diameter Pt disk electrode, seen as the dark halo around the thylakoid membrane, placed

12.5 um above (see text). Scale bar 25 um.

Figure 3. A) The geometry and boundary conditions of the finite element model, not to scale, of
a 25 um diameter disk electrode situated 12.5 um above an active surface. Axial symmetry

reduces the problem to a two dimensional domain. Boundary 1 is the axis of symmetry, boundary
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2 is the electrode, boundary 3 is the chloroplast or thylakoid membrane film, boundaries 4 and 5
are the glass surrounds of electrode and boundaries 6 and 7 are the bulk solution. The color map
shows the steady-state oxygen concentration profile in the dark due to the reduction of oxygen at
the tip. B) Typical oxygen flux at the chloroplast or thylakoid membrane film (boundary 3)
applied as part of the FEM simulation. C) Typical oxygen reduction current magnitude at the

electrode (boundary 2) calculated from the FEM simulation.

Figure 4. Light induced current magnitude for the oxidation of ferrocyanide at a 25 pm diameter
Pt disk electrode, held at 0.2 V and 12.5 um above a film of isolated chloroplasts, in an HS
buffer (50 mM HEPES and 0.33 M Sorbitol) containing 1 mM ferricyanide, prior to, and after,

osmotically shocking the chloroplasts. 1 represents light on and | represents light off.

Figure 5. Current-time responses, that have been background (dark) current (4.0 = 0.3 nA)
subtracted, at a 25 pm diameter Ag disk electrode held at -0.9 V and 12.5 um above a chloroplast
film on a PLL-covered substrate for the reduction of oxygen as the sample was illuminated at
four different light intensities (100%, 60%, 26% and 16%) in A) HS buffer (50 mM HEPES and
0.33 M Sorbitol) and B) in HS+ buffer (50 mM HEPES, 0.33 M Sorbitol, 2 mM EDTA, 1 mM
MgCl, and 1 mM MnCl,). C) and D) Experimental data for the oxygen reduction at the
chloroplast film in HS and HS+ buffers, respectively, fitted to the FEM model using the

parameters in Table 2. 1 represents light on and | represents light off.
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Figure 6. Current responses, that have been background (dark) current (4.0 = 0.3 nA) subtracted,
for the reduction of oxygen at a 25 um diameter Ag disk UME held at -0.9 V and 12.5 pm above
a thylakoid membrane film on a PLL-covered substrate in HM buffer (10 mM HEPES and 5 mM

MgCl,) at a series of light intensities. 1 represents light on and | represents light off.

Figure 7. Current-time curves for the oxidation of ferrocyanide in HM buffer (10 mM HEPES
and 5 mM MgCl,) at a 25 pm diameter Pt disk electrode held at 0.2 V and 12.5 pm above a
single thylakoid membrane during illumination for 30 seconds, in the absence (blue) and

presence (red) of 3.3 mM ferricyanide; and in bulk solution with 3.3 mM ferricyanide (green).
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Figure 2
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Boundary conditions

1 : Axial symmetry
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Figure 7

15

-
o

Current /pA
(9]

Oy MM M “'W«“T e

- 50

10

20

30
Time /s

40

50

60

39



TOC

Light

40



