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ABSTRACT: The molecular wire-appended naphthoquinone 1-[15-(3-
methyl-1,4-naphthoquinone-2-yl) Jpentadecyl disulfide [(NQ(CH,);S),]
has been incorporated into the A;, and A,j sites of Photosystem I (PS I)
in the menB variant of Synechocystis sp. PCC 6803. Transient electron
paramagnetic resonance studies show that the naphthoquinone head-
group displaces plastoquinone-9 from the A;, (and likely A,g) sites to a
large extent. When a Pt nanoparticle is attached to the molecular wire by
reductive cleavage of the disulfide and reaction with the resulting thiol,
the PS I-NQ(CH,),;S—Pt nanoconstruct evolves dihydrogen at a rate of
67.3 umol of H, (mg of Chl) ' h™" [3.4 ™ (PSI)~" s7'] after illumination
for 1 h at pH 6.4. No dihydrogen is detected if wild-type PS I, which does
not incorporate the quinone, is used or if either (NQ(CHS,);sS), or the Pt

nanoparticle is absent. Time-resolved optical studies of the PS I-NQ(CH,),;S—Pt nanoconstruct show that the lifetimes of the
forward electron transfer to and reverse electron transfer from the iron—sulfur clusters are the same as in native PS 1. Thus,
electrons are not shuttled directly from the quinone to the Pt nanoparticle during either forward or reverse electron transfer. It is
found that the rate of dihydrogen evolution in the PS I-NQ(CH,),sS—Pt nanoconstruct depends strongly on the concentration
the sacrificial electron donor cytochrome c¢s. These observations can be explained if the iron—sulfur clusters are involved in
stabilizing the electron; the ~50 ms residence time of the electron on F, or Fy is sufficiently long to allow cytochrome ¢4 to
reduce P,y,", thereby eliminating the recombination channel. In the absence of Py, slow electron transfer through the
molecular wire to the Pt catalyst can occur, and hence, H, evolution is observed.

he conversion of solar radiation into stored chemical

energy through entirely artificial means has proven to be
challenging, often requiring low-abundance metals such as
ruthenium or iridium and frequently suffering from low
quantum yields. In contrast, photosynthetic reaction centers
in plants and bacteria employ abundant metals such as iron,
manganese, and calcium and offer impressively high quantum
yields. Photosystem I (PS I), in particular, is relevant to biofuel
research because it generates a low-potential reductant capable
of reducing protons to dihydrogen.' The cofactors and the
kinetics of electron transfer in PS I are depicted in Figure 1.
Although the inherent lifetime of the initial charge-separated
state between the donor P,y," and the acceptor A, is ~30 ns,>
the lifetime is lengthened by electron transfer through a series
of acceptors that include two phylloquinones, A, and A3, and
three [4Fe-4S] clusters, Fy, F,, and Fy. When the electron is
present on any given cofactor, there is competition between
forward electron transfer and backward electron transfer, the
latter leading ultimately to charge recombination with P,q,".
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Because the rates of forward electron transfer (depicted as solid
lines) are typically several orders of magnitude greater than the
rates of backward electron transfer (depicted as dashed lines),
the quantum efficiency of electron transfer to the terminal Fe—
S clusters borders on 100%.>* This high quantum efficiency
occurs at the expense of Gibbs free energy; nevertheless, as
much as 59% of the energy of a 700 nm photon is conserved in
the final P,oy'F5~ charge-separated state.”

A number of methods have been devised for attaching
catalysts to PS I for light-driven dihydrogen production. In a
series of pioneering applications, Greenbaum and colleagues
deposited Pt, Os, or Ru onto both thylakoid membranes and PS
I complexes by using the reducing power of the acceptors to
generate the free metal from the salt.’~"' These modified
reaction centers evolved dihydrogen in light when supplied
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Figure 1. Depiction of the midpoint potential in millivolts (ordinate)
and edge-to-edge distance (abscissa) of the PS I cofactors. The solid
lines represent forward electron transfer lifetimes and dashed lines
charge recombination lifetimes. Although the latter are depicted as
direct to Py, charge recombination proceeds by way of backward
electron transfer to (at least) A, and A;5. The A and B branches are
depicted as Agy/Ajx and Agg/A g, respectively.

with sacrificial donors to P,,". The use of deposited Pt has
been greatly extended by a number of other groups'*~"* in an
attempt to produce a practical solar conversion device. Another
method attempts to position the catalyst close to but not in
intimate contact with PS L One example is a [NiFe]-
hydrogenase enzyme that has been genetically fused with
PsaE and introduced into a PsaE-less variant of PS 1.'°7'® The
result is that the [NiFe]-hydrogenase is bound close the
terminal Fe—S clusters of PS I, thereby allowing it to act as an
acceptor for electrons that have been transferred from P, to
F, or Fg. Another example is the use of a molecular wire to
attach a Pt catalyst'”*° or a [FeFe]-hydrogenase™ > to the Fy
cluster of PS I. The molecular wire similarly restricts the range
of distances between the electron transfer cofactors, making it
suitable for rapid electron transfer. Both methods allow the
electron to tunnel from the terminal iron—sulfur cluster to the
catalyst in a short period of time,** and both report high rates
of generation of dihydrogen under illumination.

The question of whether it is possible to extract the electron
from an earlier acceptor in PS I arises. Steric constraints
imposed by the PsaA—PsaB heterodimer make it difficult to
devise a method for attaching a molecular wire to the Fy
cluster. However, a variety of techniques exist to introduce
alternative quinones into the A;, and Az sites. Solvent
extraction with diethyl ether” ™" or a hexane/methanol
mixture®>*! removes the majority of the chlorophylls and
most, if not all, of the quinones and carotenoids, allowing a
wide range of naphthoquinones,®**3%333 anthraqui-
nones,**** and some benzoquinones*** to be incorporated
into the A, and Ay sites. This method was recently exploited
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by Terasaki et al,** who introduced the substituted

naphthoquinone, NQ(CH,);5S-Au, into the A, and A,j sites
to fabricate a biophotosensor. A genetic method for introducing
alternative quinones is also available, which involves inter-
ruption of the menA, menB, menD, or menE gene.‘m_44 With any
of these genes inactivated, the biosynthesis of phylloquinone is
blocked, and plastoquinone-9 acts as a surrogate in the A;, and
A sites. Plastoquinone-9 is loosely bound and can be
displaced with a variety of substituted naphthoquinones***>*¢
or anthraquinones.*’ This method of quinone exchange has an
advantage over solvent extraction in that all of the chlorophylls
and carotenoids are retained in the PS I complexes.

For electrons to be transferred from the terminal iron—sulfur
clusters through an alternative pathway, one of two conditions
must be met. Either the rate of forward electron transfer
through the alternative pathway must exceed the rate of the
back reaction to P,y,*, or the rate of reduction of P,y* by an
external donor must exceed the rate of the back reaction so that
recombination is prevented. Because of the long lifetime (65
ms) of the P,y "[F,/Fg]~ charge-separated state, either of these
conditions is readily met when a molecular wire incorporating a
Pt nanoparticle or a [FeFe]-hydrogenase enzyme is attached to
the terminal Fy cluster. However, a more complicated situation
is encountered if the electron is to be removed from A,, and
Ajp. Because the quinone is not the terminal acceptor, the
electrons must be transferred to the catalyst during either the
forward reaction or the back reaction. For the forward reaction,
the rate of electron transfer along the alternative pathway must
exceed that of electron transfer from the quinone to Fy.
However, if the electron is transferred during the back reaction,
then reduction of P,," must outcompete the recombination.

In this study, we extend the work of Teraskai et al.** to
determine whether a construct based on Pt instead of Au can
generate dihydrogen under illumination and whether the
transfer of the electrons from the A;, and A, sites occurs
during the forward reaction or the back reaction. We expect
that the Pt nanoparticle will not be able to penetrate into the
hydrophobic region of the protein; thus, the alkyl chain must be
long enough to span the distance between the A, site(s) and
the surface of the protein. On the other hand, the rate of
electron transfer between the quinone and the nanoparticle is
expected to decrease as the length of the tether increases. Thus,
there should be an optimal length for the tether corresponding
to the minimal distance between the A, site and the protein
surface. On the basis of the structure, we estimate this distance
to be on the order of half the transmembrane distance of 30 A.
The length of the alkyl tether depends on its conformation, but
the maximal length of a 15-carbon alkyl chain is roughly 22.5 A.
Hence, a construct with a 15-carbon chain should be sufficient
to span the distance. This substituted naphthoquinone can be
incorporated into the A, and Ay sites of menB PS I complexes
by displacing the exchangeable plastoquinone-9. We show that
when the naphthoquinone is tethered to a Pt nanoparticle, it
can still be exchanged into the A, and Ay binding sites and
that this construct generates dihydrogen upon illumination.
However, we also show that the rate of dihydrogen production
depends on the concentration of the external donor,
cytochrome ¢4 (Cyt ¢4), present in solution. Thus, we propose
that the trapping occurs during the back reaction and that the
iron—sulfur clusters are involved in stabilizing the electron,
thereby allowing a longer residence time that permits
cytochrome ¢ to reduce P,o,* and eliminate the recombination
channel.
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B MATERIALS AND METHODS

Synthesis of 1-[15-(3-Methyl-1,4-naphthoquinone-2-
yl)lpentadecyl Disulfide. 1-[15-(3-Methyl-1,4-naphthoqui-
none-2-yl) Jpentadecyl disulfide [(NQ(CH,);sS),] was synthe-
sized in accordance with the literature® and purified via a
modified procedure. The method is shown in Scheme 1.

Scheme 1. Synthesis of 1-[15-(3-Methyl-1,4-
naphthoquinone-2-yl) ]pentadecyl Disulfide
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Menadione was reacted for 2 h with @w-bromohexadecanoic acid
in the presence of silver nitrate and ammonium persulfate. The
bromide was then converted into the corresponding thiol group
by refluxing with thiourea and via exclusion of dioxygen for 24
h, followed by the addition of tetraethylenepentamine and
refluxing for an additional 24 h. The product was characterized
by 400 MHz 'H nuclear magnetic resonance, Fourier transform
infrared spectroscopy, and mass spectrometry. The full
procedure and characterization data are provided in the
Supporting Information.

Preparation of Pt Nanoparticles. Pt nanoparticles were
prepared according to literature procedures.”® One milliliter of
mercaptosuccinic acid (23.7 mM) and 10 mL of hexachlor-
oplatinic acid (3.38 mM) were mixed and stirred vigorously in
182 MQ H,O0. Five milliliters of sodium borohydride (67.6
mM) was added to the reaction solution. The mixture
immediately turned from yellow to brown. The reaction was
completed when the solution turned dark brown. The resulting
particles were characterized via transmission electron micros-
copy and determined to be 3—5 nm in diameter.

Photosystem | Growth and Purification. Wild-type PS I
complexes were isolated from Synechocystis sp. PCC 6803 and
purified in accordance with the literature.*” The purified PS I
trimers were resuspended in buffer containing 0.05% (v/v)
Triton X-100 and 20% (v/v) glycerol in S0 mM Tris-HCI (pH
8.3). The menB variant was grown and purified according to
published methods.* Cells were grown in f-HEPES medium
supplemented with S mM glucose and 25 pug/mL spectinomy-
cin. PS I trimers from the variant were isolated using the same
protocol that was used for the wild type with the exception that
B-dodecyl maltoside (-DM) was used instead of Triton X-100.

Incorporation of Quinone into the menB Variant of PS
I. Quinone incorporation for transient electron paramagnetic
resonance (EPR) and time-resolved optical studies was
achieved via a 16—24 h incubation of menB PS I with a 100-
fold excess of either phylloquinone or (NQ(CH,);sS),. The
sample was washed twice with Tris-HCl (pH 8.3) containing
0.05% p-DM over a 50 kDa Centricon membrane to remove
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both the residual naphthoquinone and the displaced
plastoquinone.

Nanoconstruct Assembly and Dihydrogen Analysis.
The NQ(CH,),;S—Pt adduct was made by reductive cleavage
of (NQ(CH,);sS), by the Pt nanoparticles in situ. The
concentration of Pt in the nanoparticle reaction mixture was
2.11 mM. On the basis of the atomic radius of Pt and the
nanoparticle radius of ~4 nm and assuming close packing of the
atoms, there should be ~10* atoms per nanoparticle. Hence,
the concentration of Pt nanoparticles in the reaction mixture
was ~0.2 uM. A total of 2 mL of the Pt nanoparticles was
incubated with 100 yL of a 20 mM solution of the target
naphthoquinone in the dark while the mixture was vigorously
stirred for >7 days. The nanoconstruct was assembled via a 16—
24 h incubation of 75 uL of the NQ(CH,),;S—Pt adduct, menB
or wild-type (WT) PS I at a final concentration of 5.8 ug/mL
chlorophyll (6.5 M Ps), and either Tris or MES buffer at pH
8.3 or 6.4, respectively, to a final volume of 250 uL. Following
incubation, soluble electron donors were added to final
concentrations of 30 uM DPIP, 100 mM ascorbate, and 100
UM cytochrome ¢4 For experiments monitoring the effect of
cytochrome concentration, the PSI concentration was increased
to 50 pg/mL, and the donor concentrations were changed to
10 yuM DPIP, S mM sodium ascorbate, and 0—100 uM
cytochrome c4. The headspaces of the assembled nanoconstruct
solutions were purged in the dark for 10 min using ultrapure
argon and samples were exposed to continuous illumination
using a 100 W xenon arc lamp (996 ymol of photons m™s™").
The temperature was maintained using a clear polycarbonate
flask filled with ddH,O to remove infrared radiation. Periodi-
cally, 200 pL of headspace was removed with an airtight locking
syringe and analyzed with a Shimadzu GC-8A gas chromato-
graph equipped with a ShinCarbon 80/100 column (2 m X 2
mm) and thermal conductivity detector (detector current of
100 mA) with ultrapure N, as the carrier gas (flow rate of 0.75
mL/min).

Transient EPR Spectroscopy. Time/field transient EPR
data sets were measured using a modified ER 200D-SRC
spectrometer with either a Bruker ER 041 X-MR X-band or a
Bruker ER 051 QR Q-band microwave bridge. For the X-band
measurements, a Flexline ER 4118 X-MD-SWI1 dielectric
resonator was used, and for the Q-band experiments, an ER
5106 QT-W cylindrical resonator was used. A Surelight-
Continuum Nd:YAG laser operating at 10 Hz and a wavelength
of 532 nm and 4.0 mJ/pulse provided single-turnover flashes.
The temperature was controlled using an Oxford Instruments
CF935 gas flow cryostat. The transient EPR signal was
collected in direct detection mode with a home-built broadband
amplifier (bandwidth of >500 MHz), digitized using a LeCroy
LT322 500 MHz digital oscilloscope, and saved on a personal
computer for analysis. Samples were pretreated with 1 mM
sodium ascorbate and SO #M phenazine methosulfate (PMS)
prior to analysis. The samples were adapted to the dark for 20
min on ice to ensure complete reduction of P,," and frozen in
the dark before being illuminated.

Time-Resolved Optical Studies at 820 and 480 nm.
Forward and reverse electron transfer kinetics in the PS I
samples was monitored by transient absorbance changes at 480
and 820 nm following a single-turnover laser flash at 532 nm
using a laboratory-built, dual-beam spectrometer as described
previously.>® Samples were placed in a 10 mm X 2 mm quartz
cuvette. The cuvette was placed such that the optical path
length was 10 mm. The measuring and reference beam
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intensities were balanced using a variable density optical filter
wheel. The difference signal was amplified with a model 11A33
differential comparator and processed using a DSA610 digital
signal analyzer (Tektronix, Beaverton, OR). Measurements at
480 nm included a 480 laser diode (OptoEngine MBL-H-480-
30mW) as the measuring beam and a mechanical shutter that
opened the measuring beam 2 ms prior to the flash. The
spectrometers were controlled using software written in
LabView (National Instruments), and the data were analyzed
using the graphics capability of IGOR (Wavemetrics). The
samples contained SO pg/mL chlorophyll, Tris-HCl (pH 8.3),
10 uM DPIP, S mM sodium ascorbate, and 0.05% (w/v) f-
DM.

B RESULTS

Transient EPR Spectroscopy. Our first objective was to
confirm that plastoquinone-9 could be displaced by (NQ-
(CH,),sS), in menB PS 1. We used (NQ(CH,),S), rather than
NQ(CH,)sSH in the incorporation studies with the menB
variant to prevent reactions with the reactive sulfhydryl group.
At low temperature, reversible electron transfer in PS I occurs
repeatedly between P, and A, resulting in the spin-polarized
P,0o° A ,° radical pair that can be observed by transient EPR
(TREPR) (see ref S1 for a short overview). The TREPR
spectrum is sensitive to the structure and orientation of the
quinone as well as its interaction with its binding site. Low-
temperature TREPR spectra of wild-type PS I and menB PS 1
before and after incubation with (NQ(CH,),;S), are shown at
X-band (Figure 2A) and Q-band (Figure 2B). The spectra of
the wild-type and menB samples are similar to those reported
previously, 2 and at both microwave frequencies, changes after

A

---- menB
—— menB+ (NQ(CH,) ,S),
- wild type

X-Band

346 347 348 349 350 351
B, /mT
B
A ---- menB
— menB+ (NQ(CH,),S),

- wild type

i I

I
1204 1206 1208 1210 1212

B, /mT

Figure 2. TREPR spectra of PS I at 90 K. Comparison of WT PS I
with menB PS 1 before and after incubation with (NQ(CH,);sS), at
(A) X-band and (B) Q-band. A equals absorption, and E equals
emission.
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incubation with (NQ(CH,);5S), are seen primarily in the low-
field region of the spectrum, which is dominated by
contributions from A;,°”, while the high field region, where
the contributions from P,y** appear, is largely unchanged. At
Q-band, the components of the quinone g tensor are partially
resolved and the spectra are sensitive to g anisotropy. The
delocalization of the electron over two rings in the
naphthoquinone headgroups of (NQ(CH,),sS), and phyllo-
quinone leads to a g anisotropy smaller than that of
plastoquinone-9, which contains a benzoquinone headgroup
with only one ring. The difference between the structure of the
two quinones results in an upfield shift of the features in the
quinone portion of the Q-band spectrum after incubation
(Figure 2B).

The Q-band spectrum of the PS I—-(NQ(CH,);5S), sample
(Figure 2B, solid spectrum) is almost identical to that of wild-
type PS I (Figure 2B, dotted spectrum), which is expected, as
phylloquinone and (NQ(CH,);5S), have the same headgroup.
At X-band, the g anisotropy is not resolved and the spectrum is
more sensitive to hyperfine couplings than at Q-band. In
plastoquinone-9, the two methyl groups and the methylene
group of the side chain have significant hyperfine couplings,
which overlap to give a broad inhomogeneous line shape.*” In
the wild-type and (NQ(CH,),sS), samples, the presence of
only a single methyl group leads to a decrease in the
inhomogeneous line width, and as a result, the height of the
central absorption and low-field emission increases. In WT PS
I, the fact that the C, carbonyl group is H-bonded to the
protein while the C; carbonyl group is not results in high
electron density on C, of the naphthoquinone ring®* and leads
to prominent, albeit only partially resolved, hyperfine splitting
from the 2-methyl group.> This splitting is most evident as a
shoulder on the low-field side of the central absorptive peak
(Figure 2A). Although the X-band spectrum of the PS I—
(NQ(CH,);5S), sample (Figure 2A, solid spectrum) is almost
identical to that of WT PS I (Figure 2A, dotted spectrum), the
shoulder due to the 2-methyl hyperfine splitting is slightly less
pronounced.

There are several possible reasons for this difference. One is
that the long side chains in phylloquinone and (NQ(CH,) ;S),
may have different orientations of the first methylene group
relative to the quinone ring. The hyperfine couplings of the two
methylene protons depend on this orientation, and an increase
in their values would increase the inhomogeneous line width
and lower the resolution of the 2-methyl hyperfine splitting.
Another is that the spin density distribution on the
naphthoquinone headgroup may differ slightly in the two
quinones such that the density on C, is lower in the
(NQ(CH,);5S), sample. It is also possible that the sample
incubated with (NQ(CH,);sS), still contains a small amount of
residual plastoquinone-9 in the A, site, which would also tend
to lower the resolution of the spectrum. Even though TREPR
does not directly provide information about the A,j site, it can
be assumed on the basis of the structural similarity with the A,
site that (NQ(CH,),5S), has similarly displaced plastoquinone-
9.

The TREPR data show that (NQ(CH,),sS), has a high
affinity for the A;, (and presumably A,;) binding site without
the Pt nanoparticle attached. Corresponding experiments with
the Pt nanparticle bound to the tether are not feasible because
the nanoparticles aggregate and precipitate at the concen-
trations needed for EPR experiments. However, time-resolved

dx.doi.org/10.1021/bi500104r | Biochemistry 2014, 53, 2295—2306
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Figure 3. Time-resolved optical spectra measured at 820 nm after a saturating laser flash: (A) WT PS I, (B) menB PS I, (C) menB PS I incubated
with (NQ(CH,);sS),, and (D) menB PS I incubated with the NQ(CH,),;S—Pt adduct. The data are shown as dots, and the fitted spectra are shown
as solid lines. The residual of the fit is depicted above each of the plots. The long-lived phase in the spectra represents the transfer of an electron
from the external donor in reaction centers that have lost the electron on the acceptor side to dioxygen. The reaction mixture contained PS I at 50
pug/mL Chl, S mM sodium ascorbate, 10 uM DPIP, and 0.05% $-DM in SO mM Tris buffer (pH 8.3).

optical spectroscopy, which can be performed at lower
concentrations, can be used to characterize the incorporation.

Time-Resolved Optical Spectroscopy at 820 nm. Flash
excitation of PS I leads to an absorbance change at 820 nm due
to the formation P,y*, and the kinetics of this absorbance
change can be used to monitor the back reaction from the
acceptor side of the complex. The following experiments were
conducted in the absence of cytochrome ¢4 so that the back
reaction kinetics would not be obscured by rapid forward
donation to P,y". In WT PS I, two major kinetic components
are observed after a laser flash (Figure 3A). The event with a
lifetime of 65 ms represents P,,*[Fs/Fg]™ recombination, and
the component with a lifetime of 1.1 s represents donation of
an electron from DPIP to P,y" in those reaction centers in
which the electron has been lost to dioxygen. In menB PS 1,
which contains plastoquinone-9 in the A;, and Ay binding
sites, the amplitude of the absorbance change [3.7 milli-optical
density units (mOD)] is slightly lower than that of the WT (4
mOD) and P,y*[Fs/Fg]~ recombination is accelerated,
showing a lifetime of 3.1 ms (Figure 3B). A minor component
with a (long) lifetime unresolved on this time scale is also
present, which represents donation of an electron from DPIP to
P,o*. The faster recombination between Py," and [F,/Fy]™ in
menB PS 1 occurs because the midpoint potential of
plastoquinone-9 is more oxidizing than that of phylloquinone.
This results in a smaller Gibbs free energy difference between
A, or A and Fy, thereby increasing the population of
electrons on the quinone relative to the FeS clusters. Because
charge recombination proceeds by backward transfer of an
electron from [F,/F]~ through Fy and A,,/Aj, the change in
relative populations leads to faster depletion of the electrons
from the Fe—S clusters and, hence, faster reduction of P.g".**
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The smaller amplitude of the slow kinetic phase is due to the
residence time of the electron on Fj being shorter in menB PS L
The probability of an electron being transferred from Fy~ to
dioxygen is correspondingly lower.

When (NQ(CH,),sS), is added to menB PS I (Figure 3C),
the amplitude of the absorbance change at the onset of the flash
(3.6 mOD) is similar to that of the menB variant (3.7 mOD),
but the 3.1 ms kinetic phase is largely replaced by two kinetic
phases with lifetimes of 45 ms (0.9 mOD) and 2.0 s (2.3
mOD). The 2.2 ms kinetic phase (0.4 mOD) is similar to that
of the dominant kinetic phase in the menB variant and is
assigned to a minor fraction of PS I complexes that still contain
plastoquinone-9. The 45 ms and 2.0 s events are similar to
those seen in WT PS I (Figure 3A) and are due to Py [F,/
Fg]~ recombination and donation of an electron from DPIP to
P,o", respectively. The resumption of a long-lived charge-
separated state is consistent with replacement of plastoquinone-
9 with a naphthoquinone, and with forward electron donation
to F, and Fy. When the NQ(CH,),;S—Pt adduct was incubated
with menB PS 1 (Figure 3D), the total amplitude of the
absorbance change at the flash was similar to that of the menB
variant. However, the 45 ms and 1.3 s kinetic events are present
as in the WT, indicating that the majority of the electrons are
similarly transferred to the iron—sulfur clusters. This result
shows that the NQ(CH,),;;S—Pt adduct is able to displace
plastoquinone in the menB variant but also implies that the
transfer of an electron to the Pt nanoparticle does not compete
with forward transfer to the iron—sulfur clusters. The origin of
the minor, 370 s event is unknown; however, it does represent
a return of an electron to P,y ". Because of the distance
involved, we consider it unlikely that this event represents
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Figure 4. Time-resolved optical spectra measured at 480 nm after a saturating laser flash: (A) WT PS 1, (B) menB PS I, (C) menB PS I on a
microsecond time scale, (D) menB PS I incubated with phylloquinone, (E) menB PS I incubated with (NQ(CH,),5S),, and (F) menB PS I incubated
with the NQ(CH,),;S—Pt adduct. The data are shown as dots, and the fitted spectra are shown as solid lines. The residual of the fit is depicted above
each of the plots. Because P, also absorbs at this wavelength, the long-lived phase in the spectra represents long-lived P,," that does not decay on
this time scale. The reaction mixture contained PS I at S0 ug/mL Chl, S mM sodium ascorbate, 10 M DPIP, and 0.05% -DM in SO mM Tris (pH

8.3).

recombination between an electron on the Pt nanoparticle and
Prgp".

Time-Resolved Optical Spectroscopy at 480 nm.
Electron transfer beyond A;, and Az can be studied more
directly using time-resolved optical absorption spectroscopy at
480 nm, a wavelength that detects the electrochromic band
shift of carotenoids in the vicinity of the quinones.*>*® The
measurement at 480 nm is a proxy for the transient redox
changes of the quinones and is more reliable than the
measurement at 380 nm because the amplitude of the
absorbance change does not depend on the identity of the
quinone occupying the A;, and Ay sites. In WT PS I, two
kinetic components are observed after a laser flash (Figure 4A).
The event with a lifetime of 17.1 ns represents the forward
transfer of an electron from A3~ to Fy, and the event with a
lifetime of 207 ns represents the transfer of an electron from
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A~ to Fy.”” The fast and slow components are present in a
ratio of 30:70, which is typical for cyanobacterial PS L. In menB
PS 1, two kinetic events are resolved, a minor component with a
lifetime of 34.3 ns (Figure 4B) and a major component with a
lifetime of 23.2 us (Figure 4C; note the different time scale).
The fast and slow components are present in a ratio of 25:75.
The slow phase is consistent with a previous study in which a
major kinetic phase with a lifetime of ~15 ps was assigned to
the transfer of an electron from plastoquinone to Fy in menB
PS 1.*! The origin of the 34 ns phase is uncertain. At least two
kinetic phases of forward electron transfer to Fy are expected
when plastoquinone-9 occupies the Az and A, sites, and as
discussed in ref 41, it is possible that a broad distribution of
kinetic phases exists. (Further characterization of these kinetic
components is beyond the scope of this work.) When native
phylloquinone is incubated with menB PS I, two components,
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with lifetimes of 23.5 and 358 ns, are resolved that are similar to
the lifetimes of the transfer of an electron from Az~ and A;,~
to Fx in WT PS I (Figure 4D). This result shows that
phylloquinone largely displaces plastoquinone-9 in menB PS L™
Similarly, when (NQ(CH,);S), is incubated with menB PS I,
two components, with lifetimes of 22.0 and 454 ns, are resolved
(Figure 4E) that resemble the fast and slow kinetic phases,
respectively, in phylloquinone-reconstituted menB PS 1. When
the NQ(CH,);sS—Pt nanoparticle adduct is incubated with
menB PS 1 (Figure 4F), two components, with lifetimes of 16.5
and 386 ns, are similarly resolved that resemble the fast and
slow kinetic phases, respectively, in phylloquinone-reconsti-
tuted menB PS L. (The lower signal-to-noise ratio in this sample
is due to a greater amount of scattering of the measuring beam
in the sample containing a Pt nanoparticle.) This result is
consistent with the study conducted at 820 nm, and together,
the data indicate that the majority of electrons are transferred
to the Fy cluster and further to F, and Fy. It also confirms that
(i) the presence of the Pt nanoparticle does not interfere with
the ability of the naphthoquinone group to occupy the A, and
A sites and (ii) the similar amplitudes illustrate a nearly
quantitative displacement of plastoquinone-9.

Light-Induced Dihydrogen Generation. We next tested
whether the PS I-NQ(CH,),;sS—Pt construct could evolve
dihydrogen in the light. These experiments were conducted at a
low chlorophyll concentration, 5.8 pg/mL, to minimize self-
shielding. A detailed time course for dihydrogen production
under constant illumination at pH 6.4 in the presence of 100
UM cytochrome ¢4 is shown in Figure S. After a rapid rise, the
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Figure 5. Time course of the rate of dihydrogen evolution during
illumination of the PS I-NQ(CH,),sS—Pt construct at pH 6.4. The
reaction mixture contained wild-type PS I at 5.8 yg/mL Chl, 100 mM
sodium ascorbate, and 30 yuM DPIP in 20 mM MES buffer (pH 6.5).

rate of dihydrogen evolution reached a maximum of 42.5 ymol
of H, (mg of Chl)™* h™" [2.2 e™ (PSI)™! 5] after illumination
for 1 h; thereafter, the rate declined with a half-time of ~9 h. In
a series of triplicate runs, the maximal rate of dihydrogen
production was 67.6 + 8.2 umol of H, (mg of Chl)"' h™" [3.4
e” (PST)™'s7'] at pH 6.4 and 44.3 ymol of H, (mg of Chl)™"
h™ [2.3 e (PS I)™! s7'] at pH 8.3, both measured after
illumination for 1 h (Table 1).

The controls for these experiments are listed in Table 1. No
dihydrogen was detected (i) in the presence of WT PS I, the
NQ(CH,);sS—Pt construct, Cyt c; and light; (ii) in the
presence of menB PS I, Pt nanoparticles, Cyt ¢, and light but in
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Table 1
rate of H, production [#mol of H, (mg
sample of Chl)™! h™!]
menB PS I, NQ(CH,),;S—Pt, 673 + 827
Cyt ¢s, pH 6.5, hv
menB PS I, NQ(CH,),;S—Pt, 443 + 5.3°
Cyt ¢s, pH 8.3, hv
WT PS I, NQ(CH,),sS—Pt, Cyt ¢, 0.0%%
pH 6.5, hv
menB PS 1, Pt, Cyt ¢, pH 6.5, hv 0.0%?
menB PS 1, Cyt cg, pH 6.5, hv 0.0%*
menB PS I, (NQ(CH,),5S,), Cyt co 0.0%"
pH 6.5, hv
menB PS I, NQ(CH,),S—Pt, 0.0%?
pH 6.5, hv
menB PS I, NQ(CH,),S—Pt, 0.0%"
Cyt co pH 6.5

@After illumination for 1 h. "Detection limit of 0.034 gmol of H, (mg
of Chl)™ h™%,

the absence of (NQ(CH,);sS),; (iii) in the presence of menB
PS I, Cyt cg, and light but in the absence of the NQ(CH,),;S—
Pt construct; (iv) in the presence of menB PS I, (NQ-
(CH,)15S)5 Cyt ¢ and light but in the absence of Pt
nanoparticles; (v) in the presence of menB PS I, the
NQ(CH,),sS—Pt construct, and light but in the absence of
Cyt cg; or (vi) in the presence of menB PS I, the NQ(CH,),;S—
Pt construct, and Cyt ¢4 but in the absence of light. The
detection limit for dihydrogen after illumination for 1 h was
0.034 pumol of H, (mg of Chl)™" h™".

Effect of Cytochrome ¢, on Rates of Dihydrogen
Production and P,5* Reduction. The question is how
dihydrogen can be evolved if there is no evidence of altered
electron transfer through the acceptor chain. If, as the transient
absorbance data indicate, the electrons are transferred to the
FeS clusters rather than through the molecular wire to the Pt
nanoparticle, we would expect that dihydrogen would be
evolved only at electron donor concentrations that suppress the
recombination between P,o,* and [F,/Fp]~. Under these
conditions, the electron would equilibrate among the acceptors,
but the slow kinetic leak through the span of the molecular wire
would ultimately lead to trapping of the electron on the Pt
nanoparticle. We therefore studied the effect of cytochrome ¢4
concentration on the rate of dihydrogen produced in the PS I-
NQ(CH,),sS—Pt construct. To correlate the results with the
820 and 480 nm optical studies shown in Figures 3 and 4, the
experiment was conducted at a Chl concentration 10-fold
higher than those of the experiments reported in Table 1. This
results in significant self-shading, which leads to a lower rate of
evolution of dihydrogen on a per Chl basis. As shown in Figure
6, no dihydrogen was detected if only the sacrificial donor,
ascorbic acid, or if only ascorbic acid and 30 yuM DCPIP are
used as donors. Similarly, no dihydrogen was detected in the
additional presence of either 0.01 or 0.1 uM cytochrome c.
When the concentration of cytochrome ¢4 was increased to 2
UM, however, dihydrogen was detected [0.05 umol of H, (mg
of Chl)™" h™'], and doubling the concentration of cytochrome
¢ to 4 uM resulted in a 10-fold increase in the rate of
dihydrogen evolved [1.05 umol of H, (mg of Chl)™ h7'].
Increasing the concentration of cytochrome ¢5 to 100 M
resulted in a doubling of the rate of dihydrogen evolved [2.65
umol of H, (mg of Chl)™" h™'], but higher concentrations of
cytochrome ¢4 led to only marginally higher rates. The absence
of a linear relationship between cytochrome ¢4 concentration
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Figure 6. Bar graph depicting the rate of dihydrogen evolution as a
function of external electron donors. The reaction mixture contained
WT PS I at 50 ug/mL Chl in SO mM Tris buffer (pH 8.3). Ascorbic
acid and DPIP were present at concentrations of S mM and 10 uM,
respectively, in all but the ascorbate-only experiment.

and dihydrogen production and the abrupt onset of light-
induced dihydrogen production at 2 uM cytochrome c4 indicate
that more than simple kinetics is governing the reaction.
Figure 7 plots the rate of reduction of P,," as a function of
cytochrome ¢4 concentration. Note that the abscissa is plotted
on a logarithmic scale. In the presence of only ascorbic acid, or
in the additional presence of 30 uM DPIP, the e’ lifetime of
Pyt is ~65 ms (compare to Figure 3A); hence, P,," reduction

is dominated by recombination from [F,/Fg]~. Under these
conditions, the forward transfer of an electron to P,y* is so
slow that it cannot outcompete charge recombination. When
cytochrome ¢4 is added to the reaction mixture, the forward
transfer of an electron to P,y* is similarly outcompeted by
charge recombination at concentrations of 100 nM and 0.1 M.
However, at cytochrome ¢4 concentrations of >1 uM, the
forward transfer of an electron to P,y," is faster than
recombination according to the following sequence (values of
t,, in parentheses): 1 uM (45 ms), 4 uM (28 ms), 16 uM (12
ms), 50 uM (3 ms), and 100 uM (1.2 ms). From Figure 6, it is
clear that dihydrogen is evolved only at cytochrome ¢4
concentrations of >1 M. Hence, dihydrogen evolution occurs
only under conditions where the recombination channel from
[Fo/Fg]™ to P is eliminated. We suggest that the iron—
sulfur clusters are involved in stabilizing the electron in the PS
I-NQ(CH,),sS—Pt construct because the longer residence
time they afford allows the recombination channel to be
eliminated by the forward donation of an electron to Py,".

B DISCUSSION

A useful way to describe electron transfer in PS I is by the
spreading of equilibrium model,***® which takes as its
foundation the experimental finding that the closer the reaction
is to the primary charge separation step, the larger the rate
constant (Figure 1). The spreading of equilibrium model takes
into account the observation that at each step, the forward rate
constant is considerably larger than the backward charge
recombination rate constant, usually by several orders of
magnitude. Accordingly, the process of light-driven electron
transfer can be considered a series of steps in which all of the
previous steps are in quasi-equilibrium. The equilibrium process
spreads sequentially over time from the picosecond domain to
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Figure 7. Time course of Py, reduction as a function of cytochrome ¢4 concentration. The reaction mixture contained WT PS I at 50 ug/mL Chl, §
mM sodium ascorbate, and 10 uM DPIP in 50 mM Tris buffer (pH 8.3).

2302

dx.doi.org/10.1021/bi500104r | Biochemistry 2014, 53, 2295—2306



Biochemistry

the millisecond domain, terminating in a final quasi-equilibrium
state. When this state is achieved, the electron has a finite
probability of residing on each of the electron acceptors, the
amount depending on the equilibrium constant separating any
given acceptor—donor pair. Hence, there is a finite probability
that any given A, or Ay site will be in the reduced state. Given
midpoint potentials for the electron acceptors of —844 mV for
A, —671 mV for A,;,, =700 mV for Fy, —520 mV for F,, and
—580 mV for Fy (see ref 33), the application of the partition
function states that the probability is 2.8 X 107> that the
electron will reside on A, and 3.7 X 107 that the electron will
reside on Ay during this final state. In the absence of external
donors and acceptors, the electron would be permanently
distributed in this manner were it not for the existence of the
recombination channel, which occurs to P, via a tunneling
mechanism from A;,” or A;3~.>% The electron will ultimately
be bled from the acceptor chain and the PS I cofactors returned
to the ground state.

The attachment of the NQ(CH,);S—Pt adduct provides a
third option for the electron on A;,~ and A5~ (Figure 8). The
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Figure 8. Energy diagram of the PS I-NQ(CH,),sS—Pt construct.
The forward transfer of an electron to the iron—sulfur clusters is
simplified as a single rate constant, k. See the text for details.

ability of the electron to be transferred through the molecular
wire to the Pt nanoparticle will be a function of the forward rate
constant, k,, relative to the forward transfer of an electron to
the iron—sulfur clusters (simplified here as a single rate
constant, k;) and the charge recombination channel, k. The
rate of transfer of an electron from the quinone to the Pt
nanoparticle, k,, is governed by the driving force of the reaction
(AG), the reorganization energy (4), and the electronic
coupling (V). A rough estimate of the driving force can be
obtained by taking the difference between the midpoint
potential of the quinone—semiquinone couple and midpoint
potential of the proton—dihydrogen couple. There are no
experimentally determined values for the midpoint potentials of
Ay, or Ay; instead, the calculated midpoint potentials of —671
mV for A, and —844 mV for A will be used because the 173
mV difference in midpoint potentials agrees reasonably well
with the experimentally determined rates of fast to slow
electron transfer steps attributed to A;,~ to Fx and A;g™ to Fy,
respectively (see ref 33 for a review). The proton—dihydrogen
couple has a standard biochemical midpoint potential (E°’) of
—430 mV. Thus, the change in Gibbs free energy (AG) from
A, is —241 mV and Ay~ is —414 mV, and reduction of
protons to dihydrogen will be highly favorable on both

branches.
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The reorganization energy (4) associated with reduction of
the Pt nanoparticle is likely to be very small because of the large
surface area over which the electron is distributed. The effect
on A of changing the size of an electron acceptor has been
studied by comparing fullerene (Cy;) to smaller acceptors such
as naphthalenediimide in donor—acceptor complexes.>” As one
might expect, Cq has a small reorganization energy because of
the delocalization of the charge, and the same should apply for
a Pt nanoparticle. Thus, the activation energy is expected to be
relatively large. The electronic coupling is determined to a large
extent by the distance between the naphthoquinone headgroup
and the Pt nanoparticle. It is difficult to estimate this distance
because of the number of variables involved, including the
uncertain conformations of the methylene groups in the
hydrocarbon chain. Ideally, the average distance between the
center of the first and last carbon atoms of a freely rotating
hydrocarbon would be 1.50], where I is the carbon—carbon
distance of 1.54 A.°® The distance between the naphthoquinone
headgroup and the Pt nanoparticle could therefore be as much
as 22.5 A were the hydrocarbon chain were to be fully
extended. In contrast, the edge-to-edge distance between the
quinones in the A, and A sites is 9 A. Given that the
electronic coupling decreases exponentially with distance and a
significant activation energy is expected, it is clear that under
nearly all reasonable configurations of the molecular wire—Pt
nanoparticle adduct, k, will be much smaller than k;; hence, the
electron will have only a small probability of being transferred
to the Pt nanoparticle during forward electron transfer. This
assessment is supported by the time-resolved optical data
shown in Figure 4.

However, we also need to consider k, k_,, and k. The
relative magnitude of k, and k, can be estimated from the
kinetics of electron transfer in PS I in the absence of the iron—
sulfur clusters. In PS I complexes from the rubA variant, which
lacks Fy, F,, and Fy but contains phylloquinone in the A;, and
Ay sites, two kinetic phases are present with lifetimes of 15 and
95 1us.%%* The lifetimes of the P.g,"A;,~ and PyootAp” charge-
separated states in the absence of Fy, F,, and Fy are therefore 3
orders of magnitude shorter than the lifetime of the P,,*[F,/
Fg]~ charge-separated state in WT PS L. Although bidirectional
electron transfer through the two branches of cofactors was not
appreciated at the time of the rubA study, it seems reasonable
that one kinetic phase is derived from P,y,"A;,~ recombination
and the other from P,,,"A;5” recombination. Given that the
Gibbs free energy change between P,q,* and Ajp™ is larger than
that between P,," and A,,~, and provided the reaction is in the
normal region of the Marcus curve, we tentatively assign the 15
us kinetic phase to the former while the 95 us kinetic phase can
be assigned to the latter. In the absence of Fy, F,, and Fy, the
electron on either A, or Az has only two available routes. It
can either recombine with P,," with rate constant k, or be
transferred to the Pt nanoparticle with rate constant k,. The
fate of the electron will be determined by the relative values of
k, and k,. While the value of k, is not known, the large distance
between the naphthoquinone headgroup and the Pt nano-
particle as well as the presence of o-bonds throughout the
hydrocarbon tether will most certainly render k, much lower
than k,. This assessment is also supported by the time-resolved
optical data shown in Figure 4.

We also need to consider the relative values of k, and k_,.
The k,/k_, ratio is given by the equation k,/k_, = exp(—AG/
kT); using our estimate for AG of —241 mV for the A branch
and —414 mV for the B branch, we obtain a k,/k_, ratio of 10*
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(A branch) or 107 (B branch). In either case, it is clear that this
ratio is very large, and hence, the reverse transfer of an electron
from the Pt nanoparticle to A, and/or Ay is expected to be
extremely slow and can be neglected. Because k, is much
smaller than k, and k;, the transfer of an electron to the Pt
nanoparticle can occur only if charge recombination is
inhibited. The reduction of P,y" by cytochrome c¢s which
occurs on the millisecond time scale, is faster than charge
recombination from [F,/Fy]~, which occurs with a lifetime of
65 ms. Thus, the recombination channel, k,, can be eliminated
when the iron—sulfur clusters are present. Under these
conditions, the lifetime of the electron on the acceptor chain
becomes very long, and we propose that a small leak through
the span of the molecular wire allows electrons to be
transferred to the Pt nanoparticle.'’ Because k_, is negligible,
the electrons become trapped. The rate of trapping is given by
k_,(ky/k;). These rate constants are not known accurately, but
k, is on the order of 107 s™ . In the absence of the iron—sulfur
clusters, the charge recombination from A;,~ occurs with a
lifetime of 95 us, so k, &~ 10* s™". Using these two values, the
observed lifetime of 65 ms for the back reaction from Fy in
native PS I yields a k_; of ~1.6 X 10* s™'. If we arbitrarily
assume that k, is 1 order of magnitude smaller than k, we
obtain a rate of ~1 s™' for the trapping of electrons on the Pt
nanoparticle. When two electrons are serially transferred to the
Pt nanoparticle, the release of dihydrogen makes electron
transfer irreversible, thereby depleting the acceptor side of
electron(s) until the next photon strikes the reaction center.

This work adds to the number of practical methods for
attaching a Pt nanoparticle to the acceptor side of PS I for the
purpose of achieving light-driven hydrogen evolution. These
include self-organized platinization, the electrostatic attachment
of a Pt nanoparticle, the attachment of a Pt nanoparticle via a
molecular wire to the Fy cluster, and, now, the attachment of a
Pt nanoparticle via a molecular wire to the A, and A binding
sites. Although the selection of which method to choose for a
particular device will depend on the details of the application,
the wide variety of attachment points demonstrates the
versatility of PS I as a photocatalyst for solar hydrogen
production.
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