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Self-organized photosynthetic nanoparticle for
cell-free hydrogen production

Ifeyinwa J. Iwuchukwu', Michael Vaughn?', Natalie Myers?, Hugh O'Neill>%, Paul Frymier's
and Barry D. Bruce'?35*

There is considerable interest in making use of solar energy through photosynthesis to create alternative forms of fuel.
Here, we show that photosystem I from a thermophilic bacterium and cytochrome-c, can, in combination with a platinum
catalyst, generate a stable supply of hydrogen in vitro upon illumination. The self-organized platinization of the
photosystem | nanoparticles allows electron transport from sodium ascorbate to photosystem | via cytochrome-c,
and finally to the platinum catalyst, where hydrogen gas is formed. Our system produces hydrogen at temperatures up to
55 °C and is temporally stable for >85 days with no decrease in hydrogen yield when tested intermittently. The maximum
yield is ~ 5.5 pmol H, h™"mg™" chlorophyll and is estimated to be ~25-fold greater than current biomass-to-fuel
strategies. Future work will further improve this yield by increasing the kinetics of electron transfer, extending the spectral

response and replacing the platinum catalyst with a renewable hydrogenase.

peak before the middle of the century! and the higher cost

of recovering recalcitrant deposits is expected to drive up the
price of petroleum-derived fuels. Although fossil fuels rely on
photosynthesis-driven biomass accumulation from millions of
years ago, there is hope that directly harnessing photosynthesis
can shorten the cycle time for creating fuels from solar energy?.
Biomass-derived fuels are potentially a clean, renewable and sustain-
able source of fuel, but several challenges exist. Current biomass-to-
fuels schemes yield relatively low fuel value per unit land area;
indeed, ethanol produced from switchgrass has a projected gross
fuel value yield of 12 litres of gasoline per hectare per day equival-
ent’. All biomass-to-ethanol technologies produce a dilute
mixture of water and ethanol, which needs to be distilled. This
accounts for ~20% of the production cost of fuel-grade ethanol®.
Furthermore, billions of tons of biomass must be harvested, trans-
ported, processed and converted to replace the petroleum used for
gasoline in western Europe alone.

One way to improve production yield is to use solar energy directly,
as plants do in photosynthesis. Recently, there has been considerable
interest in green algae because they can, in principle, use photosyn-
thesis to produce hydrogen from sunlight and water*®. This hydrogen
production is facilitated by specialized pigment-protein complexes
known as reaction centres, which span the membranes of plants,
algae, cyanobacteria and bacteria®’. In oxygenic photosynthesis,
two reaction centres, photosystem II (refs 8,9) and photosytem I
(PSI)!*-12) function together in the Z-scheme to transfer electrons
derived from water (via photosystem II) to reduce NAD(P)*
(via PSI) producing both oxygen and ATP (ref. 13) . Coupling either
platinum nanoclusters'*!> or covalently linked hydrogenase!®!” to
the acceptor end of PSI complexes can harvest the photochemically
produced electrons to reduce protons to hydrogen in vitro. Similarly,
it has been shown that reaction centres integrated into solid-state
devices can be used to produce a photovoltaic current!®,

| he world petroleum production rate is predicted to reach its

Here, we show that a stable supply of hydrogen can be generated
using a platinum catalyst and a system made of PSI isolated from the
thermophilic cyanobacterium T. elongatus and a recombinant form
of cytochrome-c (cyt ¢;) protein as illustrated in Fig. 1. The thermo-
stable PSI, which is shown to be more stable than PSI from mesophi-
lic cyanobacteria, shows enhanced hydrogen evolution rates up to
55 °C. Our system can evolve hydrogen for three months without
special treatment or chemical preservatives. Under optimized con-
ditions, we estimate that the gross fuel production rate per unit
area for these complexes exceeds the best biomass-to-fuel schemes
by a factor of 25. We believe that these properties and the renewable
nature of PSI and cyt ¢, may lead to a sustainable and efficient way to
produce alternative fuel.

Isolation of PSI and recombinant cyt ¢, from T. elongatus

To enable the direct in vitro production of hydrogen, we isolated
highly purified and highly dispersed PSI particles from both the
mesophilic cyanobacterium Synechocystis PCC 6803 and the ther-
mophilic cyanobacterium T. elongatus. In both PSI preparations,
the lowest chlorophyll-containing band of the sucrose gradient
typically contained nearly pure trimeric PSI (Fig. 2a). However,
the upper band contained significant impurities of the more
fluorescent PSII and phycobilisome (PBS) as observed by low-
temperature fluorescence (Fig. 2d). Because Tris-tricine sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE; Fig. 2b) revealed the presence of a small amount of PBS
proteins, anion exchange chromatography was subsequently
used to ensure consistent purity and to concentrate the final prep-
aration of PSI trimers. Transmission electron microscopy (TEM)
of the complexes confirmed the uniformity and purity of the
trimeric PSI nanoparticles (Fig. 2e). Furthermore, the size distri-
bution of these nanoparticles was investigated by sedimentation
velocity (SV) analysis and revealed a single large peak at ~21S
(Fig. 2c, blue line). In contrast, the chlorophyll-containing band
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Figure 1| Schematic of the electron flow in the photosystem |

catalytic nanoparticle. The monomeric form of the T. elongatus PSI is shown
with chlorophyll cofactors (magnesium ligated in macrocycle shown in green
van der Waals radius) and the protein coloured by secondary structure
(helical regions in purple, beta sheets in yellow and unstructured regions in
brown). A partially docked form of the cyt ¢, is shown, providing the re-
reduction of P,q, deriving electrons from the oxidation of ascorbate (Ascg.q
— Ascg, +e7). The platinum clusters on the stromal surface of PSI are
shown as grey stars catalysing the reduction of protons to hydrogen with
electrons of lower potential via the energy of the absorbed photon, and PSI.

from a PSI sucrose gradient isolation revealed a much smaller
monomeric PSI (with a sedimentation coefficient of 12S) and
some PSII as indicated by low-temperature fluorescence
(Fig. 2d). For reference, we have included a scaled outline of
the PSI trimer structure as determined by Jordan and colleagues®®
(Fig. 2e), with the solvent-accessible surfaces of each of the mono-
mers shown in red, blue and purple and their three respective
stromal exposed surfaces shown in green. Outlines of these
dimensions were drawn in red and placed over several of the
nanoparticles observed in the TEM, further confirming the uni-
formity of our PSI preparation.

To facilitate rapid re-reduction of P, (the special pair of PSI)
in vitro, it is necessary to have an abundant source of the physiologi-
cal electron donor cyt ¢, (refs 20,21). The complete T. elongatus
genome?? revealed only one cyt ¢, gene containing a signal
peptide. Using gene-specific primers, the full-length sequence for
cyt ¢, was cloned into the pET21b vector and the recombinant
protein isolated as described in the Supplementary Information.
The correct folding and heme insertion of this recombinant
protein were confirmed by the reduced-minus-oxidized difference
spectrum (Supplementary Fig. S1) which indicates a -peak at
552.1 nm, identical to published values for native cyt ¢, isolated
from a variety of related cyanobacteria®.

Thermal stability of purified PSI and cyt ¢,

Circular dichroism (CD) spectroscopy was used to measure the
thermostability of both PSI and cyt ¢, by monitoring the non-
covalent pigment organization of PSI and the protein secondary
structure of cyt ¢,. The visible CD spectra of both the mesophilic
cyanobacterium Synechocystis PCC 6803 and the thermophilic cyano-
bacterium T. elongatus (Supplementary Fig. S2a,b) were similar,
as expected for the homologous complexes. The absorbance
between 450 and 550 nm is from the bulk antenna chlorophyll
associated with PSI, whereas the split exciton signal near 700 nm
is derived from the Py, special pair**. Figure 3 illustrates the
effects of temperature on the arrangement of these pigments.
Although both complexes are stable to ~40 °C, approximately half
of the observed absorbance of the bulk chlorophyll is lost by
~55 °C for PCC 6803 and ~90 °C for T. elongatus. Interestingly, the
chlorophyll associated with P, maintains its native structure until
much higher temperatures for both organisms, maintaining 80% of
the maximal absorbance until 70 °C and 90 °C for Synechocystis and
T. elongatus, respectively. Furthermore, CD experiments indicated
cyt ¢ has a T,, of 81 °C (Supplementary Fig. S2c).

Rate-limiting step in PSI-mediated hydrogen evolution
Although PSI-mediated photo-production of hydrogen has been
demonstrated with PSI isolated from spinach leaves!*!> and cyano-
bacteria'?, this work investigates a similar reaction using thermophi-
lic cyanobacterial PSI. Initial experiments examined the parameters
for platinizing T. elongatus PSI to support photo-dependent hydro-
gen evolution. Subsequently, the stability of the system was demon-
strated and the effect of each reagent on the rate of hydrogen
production was studied.

The role of each component was determined by a sequence-of-
addition experiment. The initial reaction containing PSI and
[PtCl4]?~ was allowed to proceed for two light/dark (L/D) cycles,
after which the sacrificial electron donor sodium ascorbate was
added (marked by a black arrow in Fig. 4a) in the dark, and the
rate of hydrogen evolution was continuously monitored at 25°C
(Fig. 4a). Very low hydrogen evolution was observed during light
cycles before or after ascorbate addition, indicating that ascorbate
is inefficient for P, re-reduction. However, addition of cyt ¢,
(black arrow with asterisk in Fig. 4a) after six L/D cycles supported
a rapid, short-lived burst of H, evolution that decreased sharply by
the next light cycle. This behaviour indicates rapid reduction of the
pool of reduced cyt ¢, as the platinum catalyst deposits on PSI,
causing the rate of H, evolution to drop. The system is in equili-
brium when the rate of cyt ¢, reduction by ascorbate matches the
level of P, photo-oxidation, causing H, evolution to become con-
stant with each light cycle.

The platinum catalyst was shown to be tightly associated with PSI
nanoparticles using energy-dispersive X-ray spectroscopy of pre-
viously platinized PSI nanoparticles that had been re-isolated and
dialysed overnight. As shown in Fig. 4b, this sample clearly contains
platinum, as indicated by the energy levels of the emitted X-rays
with  characteristic ~ energies  (2.05, 11.07/11.25  and
9.36/9.44 keV). Finally, the catalytic activity of the previously plati-
nized PSI was confirmed to not require additional platinum
(Fig. 4c). Limited hydrogen evolution was observed before the
addition of ascorbate and cyt ¢;. The lack of hydrogen evolution
detected on addition of ascorbate indicates that the re-isolated PSI
did not contain cyt c,. Moreover, addition of fresh cyt ¢, increased
the rate of hydrogen evolution by a factor of ~80. These experiments
indicate that the initial platinization results in platinum integration
into PSI that is both stably associated and catalytically active.
Although the exact molecular-level structure of this platinization
is not known, electron microscopy analysis indicates that the plati-
num forms electron-dense complexes associated with PSI
(Supplementary Fig. S3) Following this burst in hydrogen evolution,
we observe a slow decay in hydrogen evolution that can be fit to a
single exponential decrease with a half-life of 3.8 h (shown in Fig. 4c).

The light saturation experiment was performed with platinized
T. elongatus PSI nanoparticles similar to those described above. The
hydrogen production rate increased with increasing light intensity
(Fig. 4d) and began to plateau as the light intensity approached
800 .E m~2 s~ %; however, this curve is sigmoidal with a distinct
lag phase. Although these data cannot be well fit to a simple
single-substrate kinetic model (dashed line), it can be fit to a coop-
erative model (solid line) with a Hill coefficient of ~2.5. The shape
of this curve is different from the light saturation response for
monomeric PSI isolated from spinach!®, which was linear in the
low light region. Because the T. elongatus PSI (Fig. 2e) is trimeric,
the platinum catalyst can potentially accept electrons from more
than one of the PSI P, in the trimeric complex. Such cooperativity
between adjacent PSI monomers explains how a single electron from
a single P, could facilitate molecular hydrogen production, which
requires two electrons to reduce two protons. This sigmoidal
response indicates that at higher light levels the probability of sim-
ultaneously photo-exciting two PSI reaction centres increases within
a trimer, thus yielding a higher and ‘cooperative’ mechanism of
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Figure 2 | Isolation of photosystem 1. a, Typical 10-30% sucrose density gradient displaying complete resolution of trimeric PSI (T) from monomer and PSII
(M). b, Tris-tricine SDS-PAGE of PSI preparations from T. elongatus (lane 2) and Synechocystis PCC 6803 (lane 3); phycobiliproteins are indicated by asterisks
and the other bands are subunits of PSI. ¢, Sedimentation velocity analysis of monomer and trimer fractions was analyzed using a sedimentation coefficient
distribution analysis, c(s). The Y-axis values are on a relative scale. Trimeric PS| appears as a single peak (blue) with a sedimentation coefficient of 21S,
whereas the monomer has peak values of approximately 12S and 8S (red). d, Low-temperature fluorescence indicates a highly fluorescent component
emitting below 700 nm (red line) within the upper band, likely PSIl and/or allophycocyanin, but a single emission maximum at 730 nm (blue line) as
expected for intact PSI trimers. e, TEM image of purified trimeric PSI. Inset: magnified x2.5 and directly compared with a scaled space-filling model of PSI.
Transmembrane elements of each monomer are shown as red, blue or purple, and stromal external subunits are green.
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Figure 3 | Thermal stability of photosystem | monitored by circular
dichroism. The normalized maximal absorbance for each of the datasets
shown in Supplementary Fig. S2a,b are shown as a function of temperature;
green symbols indicate data for Synechocystis PCC 6803 and the red
symbols indicate T. elongatus. In both cases, circles indicate antenna
chlorophyll (positive peak at 515 nm) and the triangles indicate the split
exciton signal originating from P,4¢ (minima at 700 nm).

hydrogen production. Another difference between the spinach and
T. elongatus light responses was the light level at which the hydrogen
yield was observed to plateau. In spinach, the plateau was at
~200 uE m~2s" !, whereas in T. elongatus the plateau was at
~800 wE m~?s~ 1. This may be the result of the considerable

difference in the chlorophyll antennae-to-P,,, ratio in the
organisms. The plant PSI has much larger antennae, approaching
~300 chlorophyll/P.,, whereas the T. elongatus PSI is ~95
chlorophyll/P,,,. This approximately threefold difference in
antenna size would account for the difference in light dependence.

Evaluation of hydrogen production
To evaluate the temporal stability of this cell-free hydrogen evol-
ution system, we tested one preparation of platinized PSI repeatedly
over three months. The temporal details of this experiment are
described in the Supplementary Information. These data show
that our PSI preparations maintain operational stability for extended
time periods. Representative data from three L/D cycles throughout
this 85-day experiment are shown in Fig. 5a. By directly comparing
the hydrogen yield observed initially with that observed after 85
days, it is clear that the yields are identical, as shown in Fig. 5b.
This indicates that without special precautions or additives, the pla-
tinized T. elongatus PSI complex is capable of constant hydrogen
evolution for more than 85 days of intermittent testing and storage.
To optimize hydrogen evolution from this thermophilic PSI
system, we examined the effect of temperature on hydrogen evol-
ution rates in vitro. We have already determined that cyt ¢, and
PSI have T, values of 81 °C and ~90 °C, respectively (Fig. 3 and
Supplementary Fig. S2¢) and observed an 80% increase in hydrogen
yield when the temperature was raised to 60 °C (Fig. 5a). We there-
fore repeated this temperature dependence measurement using a
fresh platinized PSI preparation (Fig. 5¢). The yield of integrated
hydrogen evolution increased between 25 °C and 55 °C, as shown
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Figure 4 | Determining the role of each component in PSI-mediated hydrogen evolution. a, PSI and PtCI2~ proceeded at 25 °C for two light/dark cycles
before addition of 1 mM NaAsc at t =7 h (first arrow) and cyt c¢ at t =25 h (second arrow with *). b, Energy-dispersive X-ray spectroscopy confirms

platinum nanoclusters. The inset indicates the primary platinum transition, M

alr

at 2.05 keV. ¢, Beginning with PtCIZ~ and cyt c,-free platinized PSI, 1 mM

NaAsc was added at t =7.5 h (first arrow), with no significant hydrogen production. At t =20 h, cyt ¢, was added (second arrow with asterisk), leading to
the onset of hydrogen production with the next light cycle, indicating the necessity of cyt ¢,, PSI and NaAsc, and the stability of the preformed platinum
nanoclusters because no additional platinum salts are required. d, Previously platinized PSI (20 pg chlorophyll ml~") was used to determine hydrogen
production as a function of light intensity. The data were fit to a single site kinetic model, that is, with no cooperativity (dashed lines), and a cooperative

model (solid line). Checkered bars in a and c indicate dark/light cycles.

in Fig. 5c. Further increase in the temperature above 55°C (the
physiological growth temperature) resulted in a slow decrease in
the rate of hydrogen evolution. A slight decrease in the hydrogen
evolution rate as a function of temperature was observed (Fig. 5¢)
above 55 °C (ref. 25). However, a similar decrease in the rate of
hydrogen evolution with subsequent L/D cycles where the tempera-
ture was fixed at 25 °C was observed (Fig. 4c). Fitting both of these
observed decreases in hydrogen evolution (Figs 4c and 5c¢) yielded a
single exponential decay with a similar half-life of 3.76 h. This simi-
larity in kinetics suggests some system component is slowly losing
its activity during multiple L/D cycles.

Being the only consumable component, it is possible that ascorbate
is degraded or consumed to sub-saturating levels during longer exper-
iments. To test the limiting role of ascorbate, we ran a 70-h experiment
as shown in Fig. 5d. We observed a decrease in yield best fit by the sum
of two exponentials (half-lives 19.8 h and 4.64 h). The faster decay is
similar to that observed in Figs 4c and 5c. At ~70 h, fresh ascorbate
was injected (black arrow, Fig. 5d) yielding an immediate ~80%
increase in H, evolution, with no decay evident for the next 30 h.
This experiment shows that part of the decrease in yield is due to ascor-
bate consumption, which is reflected in this slow phase. The initial loss
of activity is possibly a result of catalyst poisoning. Platinum and other
platinum group metal catalysts are sensitive to poisoning by a wide
range of compounds including sulphur-containing compounds®,
heterocyclic nitrogen-containing compounds?” and other surface
adsorbing molecules. Chlorophyll, a five-membered heterocycle, is a
known poison for some metal-based catalysts?®. It is possible that
either free chlorophyll or some other degradation product is

76

responsible for this decrease in activity. A second explanation is that
chlorophyll could be lost from PSI over time, leading to a direct
decrease in the antenna size and rate of photon capture. During
extended periods (>24 h) there is a measurable loss of chlorophyll
from the PSI complex as determined by absorption spectrometry
(Supplementary Fig. S4). This chlorophyll release could account for
the initial change in hydrogen evolution rate over time, either by its
poisoning of the platinum catalyst or by simply reducing the
amount of chlorophyll in PSI or some combination of these processes.
However, in long-term experiments (Fig. 5a) the rate becomes con-
stant, indicating that the system is stable for months of operation
after an early initial decrease in activity.

To compare the temperature dependence of hydrogen pro-
duction for PSI from T. elongatus and Synechocystis PCC 6803,
the integrated yield of hydrogen for a 2-h light cycle was measured
and plotted against temperature. It is clear that for T. elongatus the
hydrogen yield increased up to 55 °C before it began to decrease
(Fig. 5c.e); however, the hydrogen yield for Synechocystis PCC
6803 decreased steadily and was barely detectable at 60 °C. The
experiments above illustrate the thermal (>55°C) and temporal
(>2,000 h) stability achievable with these hydrogen-evolving nano-
particles. The hydrogen evolution rates shown in Fig. 4c (~80 nmol
H,h™! (mg chlorophyll)™!) equal or exceed those previously
reported using platinized PSI from plants'®'>.

In the final experiment, reaction conditions were altered to allow
comparison to a recent publication?® and are described in the
Methods. Under these conditions, a maximum rate of >5.5 pmol
H, h™! (mg chlorophyll)~! was obtained (Fig. 6). Our maximum
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Figure 5 | Thermal and temporal stability of hydrogen evolution. a, A single sample was repeatedly measured for ~86 days. Selected data are shown:
three light/dark (L/D) cycles following 60 h platinization; exhaustive dialysis to remove platinate (S1); followed by 170 h at 25 °C (three L/D cycles shown
and remaining as S2); three L/D cycles at 60 °C; stored for 64 days at 4 °C (S3); sample was re-tested for three L/D cycles at 25 °C; stored for

5 days (S4); finally tested for three L/D cycles. b, Integrated hydrogen yield of three L/D cycles shown at the beginning before S2 (solid line) and at the
end after S4 (dashed line), both at room temperature, 25 °C. ¢, Temperature-activity measurements of T. elongatus PSI. d, Ascorbate consumption.
Addition of TmM ascorbate at t =68 h (arrow) increased yield, suggesting the initial 2 mM ascorbate has become limiting after the first 17 L/D

cycles. The decrease in activity is fit by a single exponential in panels ¢ and d. e, Comparison of hydrogen vyield of T. elongatus (open circles) and
Synechocystis (open triangles) PSI with increasing temperature. Integrated hydrogen yield over 2 h light cycles are normalized by dividing by their

respective 25 °C yields.

rate is of the same magnitude as that recently reported for a tethered
PSI nanoparticle complex used by Grimme and colleagues®. In that
study, pre-formed platinum/gold nanoparticles coupled directly to
cyanobacterial PSI were used to evolve hydrogen. They reported a
rate of ~45 umol H, h™! (mg chlorophyll) ~!. Unlike the self-orga-
nizing in situ platinization procedure used in the current study, this
group rebuilt the native PSI to incorporate a recombinant form of
the PsaC subunit containing a free cysteine that allowed the covalent
attachment of preformed platinum-gold nanoparticles. The peak rate
for our system is also an order of magnitude higher than the hydrogen
evolution rates of ~580 nmol H, h™! (mg chlorophyll) ' that have

been reported using a [NiFe]-hydrogenase from Ralstonia eutropha
fused directly to PsaE of PSI from Synechocystis PCC 6803 (ref. 17).
An additional advantage of the in situ approach is that it requires
at least a 50-fold lower level of platinum salts (70 uM versus
3.4 mM H,PtCly) than the rebuilt tethered system. This is an impor-
tant difference in light of the potential sustainability of such a hydro-
gen source. The platinized system can maintain a high level of
hydrogen production over long periods (>2,000 h), whereas the
hydrogenase system described above becomes inactive in less than
200 min and the stability of the system of Grimme and colleagues
using a rebuilt PST complex has not been tested beyond 12-16 h.
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Figure 6 | Peak rates of hydrogen evolution. Platinized PSI complexes (5 pg
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Discussion

In summary, we have demonstrated a simple ‘rewiring’ of the elec-
tron transport pathway of PSI that permits a productive interface
with a self-organized platinum catalyst (Fig. 1). This light-driven
catalytic production of hydrogen is both temporally and thermally
stable. Simple optimization of this self-organized system leads to
rates close to those recently reported by researchers working with
synthetically attached catalysts. Additionally, we showed that
increasing the temperature to 55 °C increases our rates by a factor
of ~15 (Fig. 5¢), which considerably exceed the rates of other avail-
able methods while retaining the benefit of a self-organizing system.
If scaled linearly, a solar collector 1 acre in size with a solution depth
of 10 cm operating at 55 °C would be capable of producing hydro-
gen with an energy yield equivalent to that of 300 litres of gasoline
per hectare per day (gross yield, ignoring production separation and
distribution energy costs; see Supplementary data). This potential
yield is more than an order of magnitude higher than the gross
yield in terms of gasoline equivalents of agricultural biomass
systems such as corn-based ethanol (5.43 litres per day per hectare),
soy based biodiesel (1.42 litres per day per hectare) or projected
yields of switchgrass-produced ethanol (12.1 litres per day per
hectare). Comparing this fuel production rate to the average avail-
able solar radiation at latitudes in the middle of the US, this
system is capable of converting ~6% of solar radiation into usable
fuel. This system provides a more direct route to fuel production
with no need for the harvesting, converting, fermenting and distil-
ling processes involved in conversion of biomass to ethanol.
Moreover, other processing and transportation costs would be
much lower because the bio-platinum hybrid catalyst is reused
through many cycles, unlike in single-use methods such as
biomass accumulation. Finally, the fact that our PSI operates with
high thermal tolerance suggests that this approach may be viable
in non-arable regions with high solar irradiances. This is in contrast
to the cultivation of biofuels that may compete directly with
agricultural production.

Methods

Growth of T. elongatus. The thermophilic cyanobacterium T. elongatus BP-1 was
grown in 2-] airlift fermenters (Bethesda Research Labs) in nitrilotriacetic acid
(NTA) media. The temperature was held at 55 °C with continuous illumination by
fluorescent lights. The light level was increased as the cultures approached higher
densities to a maximum of 50 wE m~2 s~ 1. Cells were collected during late log phase
by centrifugation for 10 min at 7,000g, and washed once in wash buffer (20 mM
2-(N-morpholino)ethanesulphonic acid (MES) pH 6.5, 5 mM MgCl, and 5 mM
CaCl,) before storage at —20 °C until use for PSI preparation.

Isolation of PSI. Frozen cells were resuspended in wash buffer and 500 mM sorbitol.
The resuspended cells were adjusted to a chlorophyll a content of 1 mg ml™! and
homogenized using a Dounce homogenizer. Lysozyme was added to 0.2% (w/v) and
the mixture was incubated for 2 h at 37 °C with shaking. The resulting mixture was
centrifuged for 10 min at 7,000¢ and the light blue supernatant was discarded. The
pellet was resuspended in the wash buffer. The volume was adjusted again so that the
chlorophyll a concentration was 1 mg ml™'; the mixture was then passed twice
through French Press (Amino) at a cell pressure of 20,000 psi. The highly fluorescent
lysate was centrifuged at ~50,000¢ for 20 min, and the supernatant was discarded.
The crude membrane fragments collected in the pellet were washed in wash buffer
supplemented with 3 M NaBr and then twice in the initial wash buffer. The final
washed membrane fragments were adjusted to a chlorophyll a concentration of

1 mg ml~! and dodecyl-maltoside (DM) was added to a final concentration of 0.6%
w/v and the mixture incubated for 20 min at 20 °C in darkness with gentle stirring.
The insoluble material was removed from the solubilized membrane mixture by
centrifugation at 50,000¢ for 30 min. The supernatant was separated immediately
from the pellet and then loaded onto 10-30% sucrose gradients with 60% cushion;
all solutions in the gradient also contained 20 mM MES pH 6.5 and 0.03% DM.
Density gradient centrifugation was performed at ~80,000g at 10 °C for 16 h. The
lowest green band contained the trimeric PSI complex; these bands were collected
and pooled using a large syringe. Pooled PSI samples were slowly diluted fivefold by
addition of 20 mM MES pH 6.5 with 0.03% DM (w/v), and then loaded onto a
POROS 20HQ (Applied Biosystems) anion exchange column and eluted with a
linear 0 to 400 mM MgSO,, gradient. The MgSO, was removed by dialysing against
20 mM MES pH 6.5, 500 pM CaCl,, 500 uM MgCl, and 0.03% DM, and aliquots
were stored at —80 °C for future use.

CD, secondary structure deconvolution and thermal stability of PSI and cyt c,.
CD of purified PSI was measured in the visible region from 350 to 750 nm using an
Aviv 202 (AVIV Biomedical). Spectra were collected across a temperature range of
15-95 °C in increments of 3°; at each temperature the sample was equilibrated for
3 min before collecting the data with a step size of 1 nm and integration of 1 s.
Similarly, the cyt ¢, was scanned between 15 and 95 °C in 5 °C increments.

Real-time hydrogen detection and calibration. An in-house developed continuous
flow system was used for hydrogen detection. A humidified nitrogen stream flowing
at 50 ml min~! carried the hydrogen produced in the reaction chamber to an in-line
Figaro tin oxide hydrogen sensor (model TGS821, Figaro Engineering). The signal
from the hydrogen sensor was transmitted to a Keithley model 2000 auto-ranging
digital multimeter via a bridge amplifier as described previously'®. The sample was
illuminated by means of a dual Fiber-Lite A3200 fibre-optic illuminator with an
OSRAM 150 W quartz halogen lamp (Dolan-Jenner Industries). Light was filtered
through a 590-nm long-pass filter and measured with a Licor quantum flux meter
(Model Li-189). For the light saturation and temperature dependence experiments, a
Fisher Scientific fibre-optic illuminator (Model 12-562-36) fitted with dual fibre-
optic cables was used, and an USHIO 150 W halogen projector lamp (USHIO INC)
calibrated using the LI-1800 portable spectroradiometer (LI-COR). At each power
setting on the fibre-optic illuminator, the micro-processor-controlled LI-1800
spectroradiometer was used for rapid acquisition of spectroradiometric and
photometric data.

PSI-mediated hydrogen evolution. Platinization reactions were carried out by
incubation of cyt ¢, PSI (T. elongatus or Synechocystis) and 0.5 mM Na,[PtCl,] in a
thermostatically controlled photo-bioreactor as described previously'®, except that
20 mM MES at pH 6.4 was used to buffer the reaction. The molar ratio of cyt ¢4 to
T. elongatus PSI was maintained at 10:1, unless otherwise stated. Typical reactions
contained PSI (80 pg chlorophyll ml~*), 282 wmol cyt ¢4, 0.5 mM Na,[PtCl],
20 mM MES buffer pH 6.4 and 20 mM (1 mM in some cases) NaAsc, at 25 °C. All
reaction components, except NaAsc, were combined and injected into the photo-
bioreactor. After anaerobosis was achieved (~1 h) the NaAsc was added to the
reaction. Samples were illuminated as described above. A Chrontrol Model XT
microprocessor-based timer was used to cycle the light on and off at intervals of 2 h.
The photo-bioreactor was shielded from external light. After 24 h of the light-
catalysed platinization and hydrogen evolution, the reaction mixture was dialysed in
20 mM MES buffer pH 6.4, to remove excess hexachloroplatinate. In some cases,
sucrose density gradient centrifugation was used to remove small analytes but had
the additional effect of separation of the PSI complexes and cyt .

Temperature-activity measurements were carried out as described above using
the dialysed platinized PSI preparation. The reactions were carried out in 20 mM
MES pH 6.4 with 20 mM NaAsc as the sacrificial electron donor. No additional
cyt ¢g or Na,[PtClg] were added to these reactions. An external water bath was used
to incrementally increase the temperature during successive 2 h light on/off cycles,
allowing the reaction to equilibrate during the dark cycles. A thermocouple was
inserted into the reaction mixture to directly measure the temperature of the
reaction. For long-term stability, hydrogen evolution was measured as above, and the
data were integrated as a function of time with a smoothing window of 13 data points
(Fig. 4b), demonstrating the compatible yield upon long-term storage.

For the peak yield experiment in Fig. 5, the PSI complexes were platinized as
described above, except that the chlorophyll and hexachloroplatinate concentrations
were reduced to 5 g ml~! and 70 WM, respectively. After ten light cycles, the PSI
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complexes were recovered and purified by density gradient centrifugation. The
purified PSI complexes were resuspended in reaction media at a cyt ¢, to P, molar
ratio of 75, with an illumination level of ~1,200 w.E m~2 s~!, a NaAsc concentration
of 100 mM and a temperature of 25 °C.

Received 16 June 2009; accepted 26 September 2009;
published online 8 November 2009
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