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Abstract

Many strategies for meeting mankind’s future energy demands through the exploitation of
plentiful solar energy have been influenced by the efficient and sustainable processes of natural
photosynthesis. A limitation affecting solar energy conversion based on photosynthetic proteins
is the selective spectral coverage that is the consequence of their particular natural pigmentation.
Here we demonstrate the bottom-up formation of semi-synthetic, polychromatic photosystems in
mixtures of the chlorophyll-based LHCII major light harvesting complex from the oxygenic green
plant Arabidopsis thaliana, the bacteriochlorophyll-based photochemical reaction centre (RC)
from the anoxygenic purple bacterium Rhodobacter sphaeroides and synthetic quantum dots
(QDs). Poalyhistidine tag adaptation of LHCII and RC enabled predictable self-assembly of
LHCII/RC/QD nanoconjugates, the thermodynamics of which could be accurately modelled and
parameterised. The tri-component biohybrid photosystems displayed enhanced solar energy
conversion via either direct chlorophyll-to-bacteriochlorophyll energy transfer or an indirect
pathway enabled by the QD, with an overall energy transfer efficiency comparable to that seen in

natural photosystems.
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Greater and more diverse use of solar radiation could address mankind’s growing needs for
renewable energy and sustainable technologies.! Providing inspiration for achieving this in
environmentally-benign ways, natural photosynthesis converts solar energy at a rate that is
several times greater than our current energy demand.?™

A feature of natural photosynthesis is that different organisms exploit different parts of the
solar spectrum depending on their pigmentation.>® Plants, algae and cyanobacteria contain
chlorophyll (Chl) as their principal photosynthetic pigment (Figure S1A, Supporting Information)
and exploit much of the visible spectrum.>>’ In contrast, diverse anoxygenic photosynthetic
bacteria utilise bacteriochlorophyll (BChl) (Figure S1A, Supporting Information) and occupy
complementary light niches in the near-ultraviolet and near-infrared.®® Strategies for overcoming
the limitations of natural pigment palettes to expand solar energy conversion are central to the
future development of photosynthetic systems®35°11 and are important considerations for
biohybrid photoelectrochemical devices,?>!?-?* including BChl-based devices that have a relatively
weak response to visible light 142534

One option for producing photoproteins with a broader capacity for solar energy harvesting is
to use synthetic dyes to target regions where natural absorbance is weak, such as the “green gap”
of chlorophyll-based photosystems®*=¢ or the “red gap” of bacteriochlorophyll-based
photosystems.®”*8 An alternative is to use more photostable fluorescent nanoparticles to act as
synthetic light harvesting®*#° or reaction center components for solar energy conversion.*

Inspired by the diversity of light harvesting materials in natural photosynthesis, here we report
a semi-synthetic photosystem comprising three, normally-foreign, components that display
complementary spectral coverage (Figure 1A), namely the reaction centre (RC) from the BChl-
containing bacterium Rhodobacter (Rba). sphaeroides (Figure S1B, Supporting Information), the
LHCII light harvesting complex from Arabidopsis (A). thaliana (Figure S1C, Supporting
Information) and cadmium-telluride quantum dots (QDs). The strong absorbance of the RC in the
near-UV (300-400 nm) and near-IR (700 ~ 900 nm) originates from its BChl pigments, which have
a differently-shaped tr-conjugated system to that of the Chl pigments of LHCII (Figure S1A,
Supporting Information). Chl has complementary strong absorbance in the red and blue regions
of the visible spectrum (400-700 nm, Figure 1A), with spectral overlap between LHCII emission
and RC absorbance between ~650 and ~800 nm. CdTe QDs have broad absorbance across the
visible and UV region that increases in intensity with decreasing wavelength (Figure 1A). The
QDs used in the present work were selected to have an emission band that overlapped with RC
absorbance between 650 nm and 850 nm. The system was therefore designed such that energy

captured by the Chis of the green plant LHCII could be transferred to the BChl charge separation



system of the purple bacterial RC either directly or via an energy conduit provided by the 750 nm-
emitting QDs (Figure 1A,B).*? Although these two proteins from different kingdoms of life have
no natural propensity to associate or engage in strong energetic coupling, it was found that by
adaptation with suitable poly-histidine tags they could be induced to self-assemble with QDs into
predictable tricomponent nanoconjugates. This resulted in tuneable energy transfer (ET) that
exhibited an efficiency comparable to that seen in natural photosystems with evolved components.
This adaptable biohybrid nanoconjugate also reflects strategies within natural photosystems that

ensure high efficiency, and plasticity to changes in environmental conditions.%1°

Results and Discussion
Assembly and characterisation of di-component LHCII/QD nanoconjugates.

Di-component nanoconjugates assembled between LHCII and the water-soluble CdTe QDs
were first characterised. A gene encoding LHCIlI was modified to create a C-terminal deca-
histidine tag (Figure 1B and Figure S2A, Supporting Information) and the resulting monomeric
LHCIl4 holoprotein was refolded from apoprotein expressed in Escherichia (E.) coli and purified
pigments*® (see Section 1 of Supporting Information). Analysis by ultracentrifugation on two-step
sucrose density gradients (see Methods/Experimental) showed that this Hisio-tag modification
produced approximately 90% binding to QDs (Figure 1D) in contrast to hardly any binding by
native LHCII purified from spinach (Figure 1C). This paralleled previously-reported strong and
specific binding of Hisio-tag-modified RCs (dubbed RCh) to the same QDs* (Figure 1E) and a
1:1 mixture of LHCII4 and RCh also bound strongly to QDs (Figure 1F). Modification of the same
LHCII with a hexa-histidine tag produced only weak binding to the QDs (~ 30%; Figure S2B,
Supporting Information).

As previously demonstrated for RCy,*® a model employing finite, multiple, independent
binding sites**4® (Figure 2A) was effective in describing sucrose density gradient data on the
binding of LHCIIy to QDs over a range of supplied LHCII:QD ratios (Figure S3A,B, Supporting
Information). Details of this model are given in Section 2 of Supporting Information (Egs. S1-S5,
Supporting Information). The best fit of the model to experimentally determined average binding
ratios (Figure 2B, Supporting Information) produced a micro-kinetic constant (Kmicro) 0f 7.19 uM*
and a maximum permitted binding number () of 17. Using Eq. S2 (Supporting Information) a Kq
of 8.2 nM was obtained for the first LHCII4 to bind to a QD. This was very close to an equivalent
value of 8.1 nM obtained in a recent analysis of the binding of RCy complexes to the same QDs.**

The model showed that the protein to QD stoichiometry followed a Poisson distribution at low



saturation levels*® but overall followed a binomial distribution due to a finite number of binding
sites.*

The nature of this strong interface between the protein Hisio-tag and the CdTe QD is
considered to be a coordinate interaction in which the histidine side chains chelate surface
cadmium (Figure S4A, Supporting Information), since binding (as assessed from energy transfer)
could be reversed with free histidine or imidazole but not with equivalent concentrations of NaCl
(Figure S4B, Supporting Information).

Titration of QDs with increasing LHCIIy produced a decrease in LHCII fluorescence relative
to concentration-matched LHCIIs-only controls (Figure 2C, solid versus dashed green) and a
corresponding increase in QD fluorescence (Figure 2C, solid brown). This indicated ET,
presumably via a Forster resonance mechanism (FRET) at this separation distance (Figure 2D).
ET efficiencies were estimated as described in Section 3 of Supporting Information (Egs. S6-S7,
Supporting Information) by combining these data on LHCIly and QD fluorescence (Figure 2C)
with the data above on the thermodynamics of LHCIIL/QD conjugation. An estimate of mean
single donor to single acceptor ET efficiency based on quenching of LHCIIy fluorescence (Epaqrcn)
of 37.1 + 1.7% agreed well with a mean value of 36.1 + 2.0% estimated from enhancement of QD
fluorescence (Epan)), With no dependence on the LHCIIL:QD ratio (Figure 2E). This agreement
supported the conclusion that the ET mechanism was FRET and indicated that the functionality
of LHCII4 was not affected by binding to the QD. As detailed in Section 3 of Supporting Information
(Egs. S8-S9, Supporting Information), the FRET distance R was estimated to be 7.4 + 0.1 nm,
giving a diameter of 19.8 + 0.2 nm for an LHCIIW/QD nanoconjugate based on the assumption
that this FRET distance is from the centre of a QD to the centre of a bound LHCIl4. The estimated
Epa for LHCII=>QD energy transfer of 36-37% was somewhat lower than an equivalent Epa of ~53%
for the transfer of energy from the same QDs to RCy reported previously (see Section 3 of

Supporting Information for more details).*°

Assembly and architecture of tri-component LHCII/RC/QD nanoconjugates.

As illustrated in Figure 1F, tri-component nanoconjugates were formed when LHCIly and
QDs were mixed with Hisio-tagged RCH complexes (see Section 4 of Supporting Information).
Fifteen types of nanoconjugate were separated from unbound protein on sucrose density
gradients (Figure S5A, Supporting Information). These were formed in mixtures with three
different LHCII4:RCy ratios, with each at five different total protein to QD molar ratios (termed
“total-protein:QD” ratio). Importantly, spectroscopic analysis of the nanoconjugate band showed

that its content of bound LHCII4 and RCx was determined by the supplied solution concentrations



in the initial mix up to a total-protein:QD ratio of 10 (Figure S5B, Supporting Information). Above
this ratio the composition biased toward RCh, an effect likely attributable to subtle differences
between the two proteins, particularly with regard to their size and the longer linker connecting
the Hisio-tag to the RC. The longer linker could mean that the RCy has more freedom to move
than LHCII4 when tethered to the QD surface and is therefore better able to tolerate, or adjust to,
competition for binding from LHCIIy.

Transmission electron microscopy (TEM) provided direct visualization of nanoconjugate
formation, the addition of QDs triggering reorganisation of monodispersed small proteins (<10 nm)
into much larger protein/QD nanoconjugates (Figure S6A, Supporting Information). Figure 3A
shows the type of multi-lobed object that resulted from binding of multiple LHCII4 to a QD (Figure
3B). Due to the lack of defined binding sites on the QD surface, and population heterogeneity in
the final configuration/architecture of the protein/QD conjugates, the detailed morphology
observed by TEM was variable. Therefore, the individual object shown in Figure 3A should be
taken as an example rather than definitive of the population. Image analysis (Figure S6B-C,
Supporting Information) produced estimates of nanoconjugate diameter that could be fitted with
a lognormal distribution with a mode at 19.3 + 1.0 nm (Figure 3C), consistent with the diameter
of 19.8 £ 0.2 nm deduced from FRET analysis (see above).

Tri-component LHCIIW/RCH/QD nanoconjugates formed in an equimolar mixture of LHCII4
and RCy were also examined by TEM (Figure 3D-E), and image analysis (Figure S6D-E,
Supporting Information) produced a higher mode diameter of 21.5 + 1.0 nm (Figure 3F). This was
consistent with RCy being larger than LHCII4, and the diameter was very close to a value of 21.4
+ 1.0 nm reported recently from an equivalent analysis of RC1/QD nanoconjugates.® A similar
profile (mode diameter of 21.1 + 1.0 nm) was also obtained for LHCIIW/XylEx/QD nanoconjugates
(Figure 3G-1) in which the protein XylE4 was used as a photo-inactive “dummy” membrane protein
of a similar size to RCy and with the same Hisio-tag. This suggested that the diameter of a tri-

component hanoconjugate was dictated by the larger protein.

Chl to BChl ET in tri-component nanoconjugates.

ET to the non-emissive RCy was measured through the bleaching of the 870 nm
absorbance band of the primary electron donor BChls that occurs as a consequence of charge
separation (see legend to Figure S1B, Supporting Information). lllumination was centred at 650
nm where RC absorbance is very low compared to that of QDs and, in particular, LHCIly (Fig
S7A, Supporting Information). The kinetics of AAgzo (Figure S8, Supporting Information) were

fitted with an interconversion reaction (Eg. 1 in Methods/Experimental) and rates of bleaching
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during 7 s illumination and recovery during a subsequent dark period determined (Figure S7B-C,
Supporting Information). Considering the compared fits in Figure 4A, photochemistry in a mixture
of QDs, LHCIlh and RCx was strongly enhanced relative to other combinations, including
concentration-matched controls with wild-type RCs without a His-tag (denoted “RCw+” in Figure
4A). This showed that significant ET could be switched on only when both proteins were modified
with a Hisio-tag and were in the presence of QDs. The amount of RC photochemistry depended
on the LHCII4:RCH ratio in the mix used to form the nanoconjugate (Figure 4B), increasing with
more LHCIIy per RCh as the size of the LHCIIL/QD antenna servicing each RCy increased. The
rate of dark charge recombination remained invariant (Figure S7C, Supporting Information),
indicating that the reversibility of RC photochemistry was unaffected by association with the QD.

LHCIlk—RCy ET was also indicated by a quenching of LHCIly fluorescence in
LHCIIW/RCH/QD nanoconjugates that was not seen when the same concentrations of LHCIIy and
RCw were mixed in the absence of QDs. The extent of this quenching did not depend on the order
of mixing of components (Figure S9A, Supporting Information) indicating that the state being
measured was at equilibrium.

Chl to BChI ET could in principle occur either by a direct route or an indirect route mediated
by the QD hub (Figure 4C). The relative contributions of the two routes were investigated by
measuring LHCIly and QD fluorescence at four total-protein:QD ratios in samples with a 1:1 ratio
of LHCIIy to RCwx or RCwr (Figure 4D). Measured fluorescence was normalised to that from the
same concentration of LHCIlw or QD in sets of single component controls. Normalised
fluorescence from LHCIly in RCwr+LHCIIH/QD samples (Roi,.rcn) did not vary with total-protein:QD
ratio showing there was no reabsorption by (unattached) RCs (Figure 4D, green dash). In
contrast, LHCII4 fluorescence in compositionally matched LHCIW/RCH/QD samples (Rrinen)
declined as the total-protein:QD ratio increased (Figure 4D, green solid). The difference between
these trends, LHCIl4 quenching seen only when RCs were bound to QDs, provided a means to
estimate direct LHCIlh—RCx ET (Figure 4C). This decline was not seen when RCy was replaced
with unpigmented XylEn (Figure S9B, Supporting Information) demonstrating that it was not the
result of the attachment a second protein per se but was specific to RCy acting as an energy sink.

QD fluorescence (Rmigp) also declined gradually in LHCIIW/RCW/QD samples as the result
of QD—RCH ET (Figure 4D, magenta solid), whilst in the equivalent RCwr + LHCIIL/QD controls
the QD fluorescence (Roigp) increased with increasing total-protein:QD ratio (Figure 4D, magenta
dash) as the consequence of increasing LHCIlt—QD energy flow. This offered a means to
estimate indirect ET. Similar trends in LHCIly and QD fluorescence were seen in experiments with
2:1 and 1:2 mixes of LHCIl4 and either RCy or RCwr (Figure S10A-B, Supporting Information).



Assembly and compositions of tri-component nanoconjugates.

For a mixture of RCy and LHCII4 the kinetics of nanoconjugate assembly can be viewed as
a competitive process in which each protein binds to free “sites” on a QD that are not occluded
by already-bound protein. For the tri-component system there are four coordinates along which a
nanoconjugate associated with multiple copies of RCy and LHCIIy could migrate from a defined
state (Figure 5A). Nanoconjugates formed in protein mixtures with fifteen different total-
protein:QD and LHCII4:RCy ratios were modelled as described in Methods/Experimental using
the reaction schemes depicted by Egs. 2-3. Two additional parameters were included in the
model to account for preferential binding of RCy at high total-protein:QD ratios (see above and
Figure S5B, Supporting Information). Parameter a accounted for the shielding effect of already
bound LHCIly on binding of an additional RCy, whereas parameter 8 accounted for the reverse
influence.

The model summarised in Egs. 2-9 in Methods/Experimental was used to describe
experimental data on average RCx:QD and LHCIIL:QD stoichiometries in nanoconjugates,
derived from spectroscopic analysis of sucrose density gradients (Figure S5B, Supporting
Information). The best fit of the model (black bars) to the data for RCx (purple/pink bars) and
LHCII4 (green/cyan bars) was achieved with a = 0.63 and g = 0.78 (Figure 5B). That both these
parameters had a value less than one suggested that each of LHCIly and RCx had a smaller
influence on binding of the partner protein than on themselves, and the lower value for a was
consistent with RCy being more competitive for binding than LHCII4 despite their very similar
micro kinetic constants.

Distributions around the average compositions of tri-component nanoconjugates were
modelled as described in Methods/Experimental. In an example result for nanoconjugates formed
from an initial 5:5:1 LHCII4:RCH:QD mix, the most favoured compositions were close to that
supplied (Figure 5C). Distributions for five other total-protein:QD ratios with equimolar LHCIIy and
RCy are shown in Figure S11 of Supporting Information. Modelling across a broader range of
total-protein:QD ratios (1.25 to 128) and solution LHCII4:RCx ratios (0.3 to 2.2) showed that
binding of RCy was relatively insensitive to the presence of LHCII4 at high total-protein:QD ratios
(Figure 5D). However, when this ratio was below approximately 13 the bound fractions were
directly determined by the ratio of the two proteins in solution (Figure 5D), in agreement with
experimental observations (Figure S5B, Supporting Information), since competition was small as

the number of occupied “binding-sites” was below saturation.



An insight from the modelling of conjugation was that, in a mixture of composition
LHCIIH:RCH:QD = 5:5:8, only a very small proportion of QDs had both a LHCII4 and a RCH bound,
and thus most were incapable of either direct or indirect LHCIlt—RCy ET (Figure 6A — highlighted
in greyscale). This was consistent with fluorescence titration experiments where, for samples with
this 5:5:8 ratio (left-most in Figure 4D), LHCII4 fluorescence was the same in mixtures with (bound)
RCyor (unbound) RCwr. As the LHCIIL:RCH:QD ratio rose to 5:5:1, the nanoconjugate population
distribution migrated away from the ET-inactive zone (Figure 6B, and see Figure S12E-H,
Supporting Information for other cases). Again, this was consistent with the progressive
guenching of LHCII4 fluorescence in samples with QDs and RChx but not in samples with QDs and
RCwr (Figure 4D). A slight increase of the ET-inactive sub-population, especially at low total-
protein:QD ratios, was seen when LHCIl.4:RCy was biased from unity (Figure S12A-D,I-L,

Supporting Information).

Estimation of direct and indirect energy transfer.

Efficiencies of direct (Epirect) and indirect (Eindgirect) FRET in tri-component nanoconjugates
were calculated combining these data on population heterogeneity with the data above on LHCII4
and QD fluorescence (see Methods/Experimental and Section 5 of Supporting Information). Epirect
was estimated from a comparison of LHCII4 fluorescence in the tri-component and di-component
nanoconjugates (see Eq. 10). Eingirect Was estimated using Eq. 11 from the effective efficiencies
of LHClIy—QD ET (E'thcioop) and QD—RCy ET (E'gpwrc) that considered only those
nanoconjugates with at least one bound LHCIIy and RCh.

Variations of Epirect and Eingirect With total-protein:QD ratio at an LHCII4:RCx equal to one are
compared in Figure 6C. Both were negligible at LHCIl4 (RCH):QD <1 but rose markedly up to ten
total-proteins per QD. Indirect ET switched on before the direct pathway since energy flow
mediated by the QD did not require apposition of an LHCIly and RCu, while Epiect OUtstripped
Eindgirect at high total-protein:QD ratios because of increasing protein crowding. Similar trends were
obtained for LHCII4:RCH ratios other than one (Figure S13, Supporting Information).

For any given total-protein:QD ratio, the relative contributions of Epirect and Eindirect t0 OVerall
efficiency (Eoverar) Were sensitive to the LHCIIH:RCx ratio (Figure 6D), with Eoverar S€eEMIng to
plateau at a LHCII:RCh ratio equal to one (Figure 6D, maroon). This can be envisaged as a
situation where, on average, every bound LHCIly was adjacent to multiple RCx and vice versa,
producing an Epiect that was about double that of Egiec. When the LHCIIL:RCH ratio was
increased to 2 (Figure 6D, green), a decrease in Eoverat Was obtained due to a drop in Epirect. This

could be due to a sub-fraction of the major LHCIl4 population not being sufficiently close to a
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member of the minor RCy population for effective direct FRET to take place, causing a waste of
absorbed energy. However, for every RCy there were more LHCIIy within FRET distance and
therefore enhanced P870 photobleaching was observed (Figure 4B, green). In contrast, when
RCy was supplied in a 2:1 ratio over LHCII4 the ET efficiencies did not deviate substantially from
those seen with a 1:1 mix (Figure 6D, purple). In this case, on average, each LHCIl4 will be
adjacent to multiple RCu, enabling efficient ET. However, this scenario also has the possibility of
a fraction of RCy that are not adjacent to an LHCIly and so do not receive energy efficiently,

accounting for the observed lower level of P870 photobleaching (Figure 4B, purple).

Modular design of a photosystem with a generalised protein-QD interface.

In addition to their enormous utility for protein purification, polyhistidine tags are valuable
for the fabrication of nanoscale biohybrid assemblies due to their affinity for a range of metallic
materials.3%474® A key finding underpinning the present work was that a deca-histidine tag could
be used as a standardized universal interface between two different integral membrane
photoproteins and a CdTe QD assembly hub. This enabled predictable self-assembly of tri-
component energy-converting conjugates with different compositions by simply manipulating the
protein composition of the initial mix, building complexity onto our previous work on bi-component
RC/QD conjugates.3947:48

These findings with engineered monomeric LHCII proteins provide an interesting contrast
with previous work by Werwie et al. on the interaction of His-tagged pea LHCII with water-soluble
QDs.*%8 The recombinant LHCII complexes used in their work also had eleven amino acids
removed from the N-terminus, with a Hiss tag placed at either the N- or C-terminus, but in contrast
to the present work were induced to trimerize by refolding in the presence of phosphatidylglycerol.
Their synthesised CdTe/CdSe/ZnS core-core-shell QDs also had a different anionic capping layer
(3-mercaptopropionic acid versus dihydrolipoic acid) and a different surface material (ZnS) to the
commercial CdTe QDs used here. Unlike in the present study where binding mediated by a Hise-
tag was very weak, Werwie and co-workers were able to achieve strong binding with their modified
LHCII, a finding they attributed to a combined effect of the Hiss-tag and a positively charged
domain at the N-terminus of the protein. Another factor affecting binding will have been their use
of trimeric LHCII with three copies of the positive domain and Hiss tag, and differences in the
surface chemistry of the different QDs. Strong binding of trimeric LHCII to the CdTe/CdSe/ZnS
QDs was limited to one per QD, with indications from spectroscopic measurements of a second,
weakly bound trimer*? In good agreement with our findings, fluorescence from LHCII trimers was

guenched by bound QDs indicating FRET between the two.*148
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In the similar content, we have reported previously that the purple bacterial light harvesting
1 (LH1) complexes lacking a His-tag can associate with the same QDs as used in the present
study, although when combined with a His-tagged RC in a RC-LH1 complex the binding affinity
was further boosted.*® In contrast, in the present work the binding of isolated RCs or LHCII
monomers to the QD hub seemed to be dictated solely by the deca-histidine tag, with no influence
of the attached protein. The choice of monomeric LHCIly complexes rather than LHCII trimers
enabled the binding of multiple copies to each QD and the self-assembly of an intermingled
LHCIly donor/RCy acceptor protein shell. In modelling the assembly process a number of
simplifying assumptions had to be made concerning the nature of the QD component, in particular,
and the details of the binding of the proteins to the QD surface. This included use of an average
weight and diameter for the 750 nm emitting QDs (in reality these are distributed around these
averages), and assumptions over uniformity in the shape of the QDs and their capacity to bind
protein. These assumptions will have affected parameters such as absolute protein:QD ratios,

which should therefore be taken as estimates of population averages.

Adoption of natural light harvesting strategies in the design of a biohybrid photosystem.

In the tri-component conjugates, ET from LHCII4 proteins to RCy complexes took place by
both a direct route and an indirect route mediated by the QD hub. The onset of indirect ET was
earlier than for the direct route (Figure 6C, pink and Figure 6E brown trace/pink region) as it
required co-binding of only a single LHCIly and a single RCx to a QD. However, as the protein
shell became more crowded the contribution of indirect route flattened off such that it made a
minor contribution at the highest ratio of total-protein:QD. We attribute this to the less efficient
LHCII to QD ET forming a bottleneck in the indirect route (see Figure S13A, Supporting
Information), and this could be targeted for improvement in the future. The plateauing of the
indirect route with increasing total-protein:QD ratio is considered to be the consequence of
competition for the LHCIIy exciton reservoir by direct ET (Eq. S14, Supporting Information and
discussed in more detail in Section 5 of Supporting Information).

In addition to their own energy harvesting role, and their function as an assembly hub, the
QDs provided an indirect route for ET from LHCII to the RC. In this scenario the QDs played a
role reminiscent of that fulfilled by minor light harvesting components such as CP26 and CP29 in
green plant Photosystem Il (PSII) supracomplexes®-52 which fill the gap between the major LHCII
antennas and the PSII core®® and are vital to the overall high efficiency of energy trapping

(estimated at ~83%).>* In the present case the additional energy bridge provided by the QD
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produced an Eoveran Of as high as 58% (+ 6%) when the total-protein:QD ratio was 10:1 (Figure
6D), with a quarter of the overall efficiency stemming from the indirect route (Figure 6C).

The photochemistry of each RCy energy trap increased as the ratio of LHCIIw:RCH
increased (Figure 4B) due to more absorbance cross-section being provided in the red spectral
region around 650 nm used for excitation, whereas the ET efficiency dropped off when LHCII4
outnumbered the RCy energy traps (Figure 6D). This latter observation has interesting parallels
with natural systems which also display decreases in ET efficiency with increasing antenna size,
albeit at much higher numbers of antenna complexes per RC.%>% The difference from natural
systems is that the optimum configuration of the conjugates appeared to be around one LHCII
per RC, due to the transfer of energy only occurring between adjacent LHCIIs and RCs. In both
green plants and purple bacteria the evolution of very efficient energy conduits enables multi-step
ET from distal light harvesting complexes, thereof organisms can benefit from an investment in
light harvesting capacity.8°°57 This brings a number of advantages, including the option to
modulate the efficiency of energy supply by adjusting the size of the antenna and its connectivity
to the RCs for light acclimation.®!° Modulation along similar lines was also possible in the present
case by varying the ratio of supplied LHCII and RC, predictability coming from the similar binding
affinities stemming from the common mechanism for binding through the Hisio-tag. However, in
comparison to natural systems, a very small antenna per RC was needed for optimal performance.

Significant increases in the relative efficiency of direct FRET as the ratio of total-protein:QD
increased (Figure 6C, green and Figure 6E, green trace/green region) are attributed to a
reduction in RCy-LHCIIy separation as the QD surface became more crowded, bringing more
donor-acceptor pairs within the FRET radius. Control of the separation of participants in the
energy flow could also be a target for the future development of more advanced systems able to
respond to environmental changes such as signal molecules or light intensity, mimicking the
strategy used in plants such as balancing energy partition between Photosystem | (PSI) and PSlI
by varying their proximity to LHCII.58

Finally, the primary motivation behind our assembly of a photoactive conjugate from
complementary components is to explore the expansion of solar energy harvesting by the purple
bacterial RC. Although these RCs are tractable and relatively robust, a drawback is their relatively
weak response to visible light, particularly in the red spectral region where Chl absorbance is
strong. The conjugates described above therefore offer one route to the development of semi-
synthetic photosynthetic systems that display enhanced solar energy harvesting, with a Chl-based

antenna passing energy downhill to a BChl-based transducer.
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Although a second potential drawback of such a system is that charge separation among
the BChls of the purple bacterial RC produces less oxidising or reducing potentials than those
generated by the Chls of PSII and PSI, respectively, this is offset by the relative stability and
simplicity of purple bacterial photoproteins and the relative ease with which they can be adapted
through genetic modification. Thus, although not suited to a high energy application such as water
splitting, a variety of potential applications have been discussed for devices based on purple
bacterial photoproteins ranging from biosensing and touch sensing to charge storage.'#34°° The
enhancement of the solar energy harvesting capacities of such protein-based devices through
the use of multicomponent photosystems is likely to further broaden their applicability for

processes that do not require highly oxidising or reducing potentials.

Conclusions

This work demonstrates the self-assembly of biohybrid, polychromatic photosystem
nanoconjugates comprising the purple bacterial RC, the major plant LHCIl antenna and synthetic
QDs that display enhanced solar energy conversion. In addition to acting as a hub for self-
assembly of this bottom-up redesigned photosystem, the QD component bridged an energy gap
between the plant and bacterial photosystems. The combination of the resulting direct and indirect
FRET pathways produced an efficient flow of energy from the LHCII solar harvesters to the RC
photochemical traps. Both the overall efficiency and flux down the two pathways could be tuned
in a predictable manner by simply varying the stoichiometry of LHCII4, RCHx and QD in the mix
used for self-assembly. The demonstrated systematic understanding of the thermodynamics and
ET characteristics of these LHCII/RC/QD photosystems provides insight into the interplay

between nanomaterials and components from biological photosystems.

Methods/Experimental

Photosystem components. Water-soluble Cd/Te QDs coated with 3-mercaptopropionic
acid with an emission maximum at 750 = 5 nm and an average molecular weight of 550 KDa were
purchased from PlasmaChem GmbH. The relatively narrow and symmetrical emission (Figure
S14, Supporting Information) was indicative of a narrow size distribution (centred at 6.5 nm) and
good monodispersity. Details of the engineering, refolding and purification of LHCII is given in
Section 1 of Supporting Information. Details of the engineering and purification of RCs is given in

Section 4 of Supporting Information.
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Separation and analysis of nanoconjugates. Two step discontinuous sucrose density
gradients were used to separate QDs or protein/QD nanoconjugates from free proteins. Gradients
were formed from equal volumes of 25 % and 60 % (w/v) sucrose in 20 mM
tris(hydroxymethyl)aminomethane (Tris, pH 8.0) /0.04 % n-dodecyl-B-D-maltopyranoside

(Tris/DDM) in 12 mL ultracentrifuge tubes. Samples were premixed with 2 mM Tris(2-
carboxyethyl)-phosphine. A standard loading of a 2.5 pM protein solution was used with a varying
concentration of QDs. Loaded tubes were centrifuged at 38,000 rpm for 4 hours at 19°C in a
swing-out rotor (TH-641, Sorvall) and stored at 4°C. Gradients were deconstructed into 11
fractions. The first eight from the bottom and middle of the gradient corresponded to QDs or
nanoconjugates. Fractions 9-11 from the top of the gradient corresponded to unbound proteins.
The integrity and concentration of protein and QD in each fraction was assessed by absorbance
spectroscopy, with deconvolution to obtain spectra of individual components.

TEM and image analysis. Negative stain TEM was carried out on nanoconjugates formed
from mixtures in which there was a 10:1 molar ratio of total-protein to QD, as described
previously.*® For each sample three TEM images were analysed using MATLAB (MathWorks,
2018h); one of the three images for each mixture is shown in Figure S6B-G of Supporting
Information. Detected objects were manually checked to eliminate false selection before fitting
particle diameter histograms with a lognormal distribution with an upper cut-off of 33 nm, as

illustrated in Figure S15 of Supporting Information.

Measurement and fitting of RC photo-oxidation. Measurements of P870 photo-oxidation
were carried out as described previously*® except the QD concentration was set to 0.1 uM.
Samples were incubated in the dark for 5 mins in the presence of a five-fold molar excess of UQo
to RC to reconstitute the Qs site, and then exposed to a 7 s period of illumination (~0.1 mW cm-
2). The profile of the excitation light centred at 650 nm was as indicated in Figure S7A of
Supporting Information. Each measurement was repeated five times and averaged AAszonm traces
(Figure S8, Supporting Information) were fitted to a model assuming a simple interconversion

between the ground and photo-oxidised state of P870:

P8T0 « P8T0* (1)

Modelling of tri-component nanoconjugates. Assembly of tri-component

nanoconjugates was modelled as a competitive process in which each protein binds to free “sites”
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on the QD surface that are not occluded by already-bound protein. Following the depiction in
Figure 5A, nanoconjugates formed in protein mixtures with different total-protein:QD and
LHCII4:RCH ratios were modelled using the reaction schemes:

ko (i

)
— RC;LHCII; 1QD (2)

k, re (i 9)

RC,,.. + RC; \LHCII; 1QD

kf,LHCII (17])

LHCII,, + RC; LHCII; ,QD RC;_1LHCIL;QD (3)

r LHCII (4,7

where ki and k; are macroscopic association and dissociation rate constants, respectively, for
each protein at given valences (i,j) of the two proteins, and LHCll4is and RCyis are the total protein
population adjusted for any fraction unable to bind (see Sections 2 and 5 of Supporting
Information).

The macroscopic association rate constants (kirc and krincn) in Egqs. 2 and 3 depend on
the availability of free QD surface at which to bind. This availability was parameterised by score
matrices of fractional occupation of a QD surface by either RCx (Src) or LHCIly (Siwen) in tri-

component hanoconjugates, that were constructed using:

. i J
Spe(iyj) =—— +a= 4
e Nke Npnerr ( )
. i J
SLHCII (17]) :Bﬁ + 7 (5)

RC

where 7irc and nncn were maximum permitted binding valences determined from studies of di-
component nanoconjugates (15 and 17, respectively), i denoted any possible RCH:QD valence
between 0 and 15 and j denoted any possible LHCII4:QD valence between 0 and 17. Parameter
a was included in Eq. 4 to account for the influence of already bound LHCII4 on binding of an
additional RCy and parameter 8 was included in Eq. 5 to account for the reverse influence; these
were required to account for the experimental observation that binding biased toward RCy at total-
protein:QD ratios >10 (see main text).

Macroscopic association (k;) and dissociation (k;) rate constants for RCy and LHCIly were
deduced from pairs of imaginary microscopic kinetic constants (kon, Koff) that were determined

from the thermodynamic constants Kmicorc = 8.2 WM™ from previous work®® and Kmicro,LHci = 7.2
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UM (see Section 2 of Supporting Information), following the relationship Kmicro = Kon/Koft. Matrices

of ki and k; for each protein were determined from:

ks ne(6:7) =Mpe (1= Spo(7:5))K,, re (6)
ki rmer (63) =pmen (1= Sener (69)kon vren (7)
k. re(6,9) =ik, ne (8)
ke puer(63) =iKoss puern 9)

wherei=0,1,2,...,irc and j = 0,1, 2,..., fiLncu.

The best fit of model to data (Figure 5B) was achieved with a = 0.63 and 8 =0.78. The Sgc
or ScHen score matrices from this best fit are shown in Figure S16A of Supporting Information with
all values < 1 highlighted in colour. The associated ks and k; matrices for each protein are shown
in Figure S16B-C of Supporting Information.

Distributions in the composition of tri-component nanoconjugates were investigated by
applying the k: and k; matrices to ODEs (ordinary differential equations) following Eqs. 2 and 3

and conducting simulations until equilibria were reached.

Measurements of ET by fluorescence spectroscopy. Titrations of LHCIly and QD
fluorescence were carried out using a Cary Eclipse fluorescence spectrometer (Agilent) and black
96-well microplates (Greiner Bio-One). The QD concentration was fixed at 50 nM and the protein
concentration varied, with four repeats. The sample volume was 100 pL in Tris/DDM.
Fluorescence spectra were baseline corrected and individual LHCIly and QD fluorescence
components (maxima at 682 nm and 750 nm, respectively) deconvoluted (Figure S17, Supporting
Information). Intensities at the maximum of the relevant deconvoluted band were used to quantify
the fluorescence from LHCII4 in tri-component (FLrvi,.Hcn; mixture denoted LHCIIW/RCH/QD) or di-
component (FLpiHci; mixture denoted RCwr + LHCIIIW/ QD) nanoconjugates or the fluorescence
from QDs in tri-component (FLwiop) or di-component (FLpigp) hanoconjugates. Fluorescence
intensities from concentration-matched LHCIIy-only or QD-only samples were denoted FLncn and
FLoo, respectively. LHCIl4 or QD fluorescence from a nanoconjugate relative to that from the
appropriate concentration-matched sample (R) was determined according to: Rpiivcn =

FLpiten/FLinen; Rrichen = FLrricien/FLiven; Roiop = FLpioo/FLgp or Riiop = FLti.oo/FLob.
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Estimation of the efficiencies of direct and indirect ET in tri-component
nanoconjugates. Epiect and Eingirect Were estimated on the basis of the relative yields of LHCII or
QD fluorescence from tri-component (RrsiHen OF Rmiop) and di-component (Rpixen or Rpiop)
nanoconjugates (see above). Equations used were:

B _FDi,LHC’II(]‘ - RTH',LHCH) - FT'I-'L,LHCII (1 - RDi,LHCII) (10)
Direct — F (F _ 1 + R )
Tri,LHCII\* Di,LHCII Di,LHCII
/ ’
Elndz‘rect _ELHC’IItoQDEQDtoRC (11)

where Fritien and Foicien were the fraction of LHCIIy in the tri- and di-component nanoconjugates.
E’ncioop and E'goorc Were effective ET efficiencies obtained by adjusting measured ET
efficiencies Epncitoop and Eqprore for the fraction of FRET inactive nanoconjugates. Full details of
the derivation and solution of these equations are given in Section 5 of Supporting Information.

Supporting Information

Notes on the design and preparation of His-tagged and native LHCII and RCs; notes on modelling
of the thermodynamics of LHCIIL/QD conjugate formation; notes on the characterization of energy
transfer efficiencies and mechanisms in conjugates; figures S1-S23; supporting references are
provided as a single file (.pdf). This material is available free of charge via the Internet at

http://pubs.acs.org.
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Figure 1. Design and formation of protein/QD nanoconjugates. (A) Normalised absorbance
and fluorescence spectra of components. Spectral overlap between LHCII4 fluorescence and RCy
absorbance (9.34 x 10" cm™) is shown in light green shadow, that between LHCIIy fluorescence
and QD absorbance (3.77 x 102 cm?®) in green/brown shadow, and that between QD
fluorescence and RCy absorbance (3.78 x 102 cm™®) in red/green shadow. (B) Plot of the
envisaged ET scheme in a tri-component conjugate. Light at 650 nm mostly excites mostly Chl b
in LHCIIy, with subsequent relaxation to the red-most Chl a cluster.®® Further energy transfer to

the RC can take either a direct pathway (green arrow) or indirect pathway via the QD (red/brown
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arrows), triggering internal RC energy transfer followed by charge separation (CS). Illumination
at 650 nm can also excite the QD or RC directly, but to a much lower extent than LHCII due to
their much weaker absorption at this wavelength. For LHCIly the Hisio-tag (blue letters) is
attached directly to the protein’s C-terminus (green letters), while in RCy a linker (black letters)
connects the Hisio-tag (blue letters) to the C-terminus of the PufM polypeptide (wine letters).
Figure S1 of Supporting Information shows protein structures in more detail. (C-F) Two step
sucrose density gradients of C - spinach LHCII, D - LHCII, E- RCyand F - a 1:1 LHCIIH:RCh miX,
all in the absence and presence of QDs (10:1 molar ratio of total-protein:QD). Proteins modified
with a Hisio-tag bound to a QD and migrated to the lower (25%/60%) interface in the gradient

whilst proteins not bound to a QD remained at the upper (0%/25%) interface.
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Figure 2. Assembly and ET in LHCIIW/QD nanoconjugates. (A) Scheme for the interaction
between multiple LHCIlyx and a QD. Microscopic constants Konmicro @and Koftmicro describe
association/dissociation events between a single LHCIlly and the QD. Parameters ki and k;
indicate the macroscopic kinetic outcomes that are the consequence of all possible microscopic
events (see Section 2 of Supporting Information, Eqs. S3-S5). (B) Fit using Eq. S1 (Supporting
Information) of experimental data on average binding ratio as a function of the concentration of
unbound LHCII4. (C) Intensity of deconvoluted LHCIly and QD fluorescence as a function of
LHCII+:QD ratio in mixtures (solid-lines), or in concentration-matched LHCIIx-only or QD-only
samples (dashed-lines). Excitation was at 650 nm. [QD] was held constant at 50 nM and [LHCII]
was varied. Decreased LHCII4 fluorescence and increased QD fluorescence in nanoconjugates
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relative to single component controls indicated LHCIIn—QD FRET. (D) FRET scheme between
multiple bound LHCIIly and a QD. Clusters of three low energy Chl a, likely the FRET donor, are
highlighted in spheres. Due to the QD’s ability to accommodate multiple LHCIly harvesters, QD
fluorescence in response to 650 nm excitation increased to nearly six-fold that of a QD-only
control at an LHCII4:QD of 10:1. (E) Estimates of the efficiency of single donor-single acceptor
ET in nanoconjugates formed in mixes with different LHCII4:QD ratios (see Section 3 of

Supporting Information).
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Figure 3. Architectures of protein/QD nanoconjugates. (A) An individual LHCIIW/QD
nanoconjugate from a 10:1 molar mix imaged by TEM. (B) Schematic of a LHCIIL/QD
nanoconjugate with LHCIly shown with a green surface, C-terminal residues in yellow and the
His-tag in blue. (C) Histogram of diameters of LHCII4/QD nanoconjugates determined from image
analysis (707 objects analysed), and a fitted lognormal distribution. (D-F) Equivalent data for
LHCIIW/RCH/QD tri-component nanoconjugates from a 5:5:1 molar mix (506 objects analysed),
RCwx shown with a red surface, flexible linkers in yellow and the His-tag in blue. (G-1) Equivalent
data for LHCIIW/XYIEL/QD tri-component nanoconjugates from a 5:5:1 molar mix (599 objects
analysed). XylE4 shown with an orange surface.
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Figure 4. ET and charge separation in LHCIILW/RCx/QD nanoconjugates. (A) Normalised RC
photobleaching at 870 nm in mixes with native (RCwr) or Hisio-tag (RCh) complexes. Some
enhancements of baseline RC photobleaching seen with combinations other than LHCIIL/RCH/QD
are likely to be due to reabsorption of LHCIly or QD fluorescence. (B) Normalised RChy
photobleaching at 870 nm in RCW/QD or LHCIIW/RCH/QD nanoconjugates with different
compositions. For A and B excitation was at 650 nm for 7 seconds and data shown are fits to
normalised Kinetic traces (shown in Figure S8, Supporting Information). (C) Schematic of a
LHCIIW/RCH/QD nanoconjugate with routes of direct and indirect FRET. Clusters of three low
energy Chl a in LHCIl4 and the RCy bacteriopheophytins, likely responsible for FRET as donors
and acceptors, are highlighted in spheres. The extent of direct FRET should depend on the
crowdedness of the protein shell. (D) Normalised LHCIly or QD fluorescence as a function of the
ratio of total-protein:QD (with LHCI4:RCy = 1:1) for LHCIIW/RCH/QD nanoconjugates or a
composition-matched mixture of RCwr and LHCIIH/QD nanoconjugates. After deconvolution,
LHCIly or QD fluorescence was normalised relative to the fluorescence from an equivalent
concentration of LHCII4 or QD in single component samples.
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Figure 5. Modelling of LHCIIW/RCx/QD nanoconjugate assembly and composition. (A)
Scheme for association/dissociation of RCy (red) and LHCIIy (green) with the surface of a QD as
described by Egs. 2,3. (B) Comparison of data (colour) with the best-fit simulation (black), for the
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average RCy:QD (left) and LHCIIL:QD (right) composition of nanoconjugates formed in mixes with
five total-protein:QD ratios (achieved by varying [QD]) and three different LHCII4:RCH ratios. (C)
Computed population distribution for nanoconjugates formed in a 5:5:1 mix of RCy, LHCII4 and
QDs. Individual distributions of LHCII4:QD and RCH:QD are shown with green and purple bars,
respectively. (D) Continuous plots of modelled average RCx:QD (left) and LHCIIL:QD (right) in
nanoconjugates as a function of total-protein:QD ratio between 0.625 to 128, and for LHCII4:RCHx
ratios between 0.3 and 2.2. Each data point was the average RCw:QD or LHCIIL:QD ratio

achieved by summing all bound RCy or LHCIIy per QD obtained from simulation as shown in C.

31



0.35

(LHCII+RC,, (1:1)):QD = 10:1; [QD] = 50 nM

(LHCII,#RC,, (1:1)):QD = 5:4; [QD] = 50 nM

10.35
0.05

303 03 m §
2 1 g 2
= ] = 0.04 - 0.04
9025 |~ 025% ©
k] s 3 =
202 & 02 2 2 oo03 0.03
] T T s 8
LI B2
615 | 015 g O
[ 5 ° £ 0.02 0.02
2 = 8
T 01 01 8 G
= 3 g 8
w 3w 01 0.01
0.05 0.05
1
[] 0 [ L]
1 3 5 7 9 11 13 15 17 1 3 5 7 9 11 13 15 A7
LHCII:QD {j) LHCII:QD ()
C D Total-protein:QD ratio = 10:1
[ LHCI #RC,, (2:1)
go. N LHCI +RC, (1:1)
I LHCH +RC, (1:2)
9 3 50
z 5
c c 40:
K] o
S s
g £ 30
. -
w w
20-
10
05 5:2 = 10:1 0 E, E,, Epr
(LHCII *RC,, (1:1)) : QD ratio irect ndirect veral
High
Direct off Direct off
Indirect off Indirect on
> ,‘
1)
£
2
2 '
‘0‘.: i
13 E IR .
= ” Direct on
w -
b Indirect on
Direct ET
Indirect ET
Low High >

LHCII +RC : QD ratio

32

uopejndod sanoeul- 3

Figure 6. Extents and routes of ET in LHCIW/RCH/QD nanoconjugates. (A-B) Simulated
nanoconjugate compositions in mixes with a total-protein:QD ratio of A - 5:4 and B - 10:1.
Compositions that are inactive for FRET are shown in greyscale and include all nanoconjugates
where the number of RCy or LHCIIy bound to a QD is zero (left column and bottom row). (C)

Efficiencies of direct and indirect LHCIln—RCq ET in nanoconjugates formed in mixtures with an



equal LHCII4:RCy ratio and four total-protein:QD ratios. (D) Efficiencies of direct, indirect and
overall LHCIls—RCy ET in nanoconjugates with different LHCIl4:RCy ratios at a total-protein:QD
= 10:1. Eoveran is the sum of Epirect and Eindirect. (E) Continuous plots of Epirect aNd Eingirect @gainst
total-protein:QD ratio from 0 (low) to 10 (high). Energy flow to one RC4 is shown to illustrate the
effect of increasing protein loading. Grey shading indicates the LHCIlly—RCq ET-inactive region
at very low total-protein:QD ratio. Pink shading indicates the region in which indirect ET switches
on and direct ET starts as the protein load increases. Green shading indicates the region at higher
total-protein:QD ratio where direct ET strongly surpasses the indirect route. Green arrows - direct
ET; red arrows - LHCIl4—QD ET; orange arrows - QD—RCy ET.

33



ToC image

34



