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Bio-nanohybrid devices featuring natural photocatalysts bound to a nanostructure hold great promise in
the search for sustainable energy conversion. One of the major challenges of integrating biological
systems is protecting them against harsh environmental conditions while retaining, or ideally enhancing
their photophysical properties. In this mainly computational work we investigate an assembly of
cyanobacterial photosystem | (PS I) embedded in a metal-organic framework (MOF), namely the zeolitic
imidazolate framework ZIF-8. This complex has been reported experimentally [Bennett et al., Nanoscale
Adv., 2019, 1, 94] but so far the molecular interactions between PS | and the MOF remained elusive. We
show via absorption spectroscopy that PS | remains intact throughout the encapsulation-release cycle.
Molecular dynamics (MD) simulations further confirm that the encapsulation has no noticeable structural
impact on the photosystem. However, the MOF building blocks frequently coordinate to the Mg?* ions
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of chlorophylls in the periphery of the antenna complex. High-level quantum mechanical calculations
reveal charge-transfer interactions, which affect the excitonic network and thereby may reversibly
DOI: 10.1039/d4cp03021d change the fluorescence properties of PS I. Nevertheless, our results highlight the stability of PS | in the

MOF, as the reaction center remains unimpeded by the heterogeneous environment, paving the way for
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1. Introduction

Harnessing solar energy for catalytic applications is a key
aspect in the much-needed transformation to clean energy.
Multiple avenues are being explored to create new materials
and devices with increased durability and efficiency. These include
functionalized photoelectrodes,'” carbon-based nanomaterials,® or
metal-organic frameworks (MOFs).*® However, the multitude of
free parameters in the design of novel photocatalysts poses a
significant challenge.” A promising alternative to developing
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applications in the foreseeable future.

catalytic materials from scratch may be the incorporation of natural
light-harvesting systems into bio-nanohybrid devices.*"” In such
applications, the natural photosystems I and II (PS I and PS II) are
prime candidates as catalytic units. Of the two, cyanobacterial PS I
is especially attractive due to the strong reductive potential (E,, =
—1.3 V vs. SHE) of its electron donor.'® Additionally, the spectral
and redox properties of PS I are very diverse across different
species,'?° allowing fine-grained adaptations by selecting a differ-
ent species as donor.'® The cyanobacterial PS 1 (T. elongatus),
which is the focus of this work, occurs naturally as a trimeric
membrane protein complex.>’ Each monomeric subunit is
composed of 11 protein chains and a plethora of cofactors, namely
11 carotenoids, 3 structurally relevant lipid molecules, 2 phylloqui-
nones, 3 iron-sulfur clusters and 96 chlorophylls. The latter can be
categorized into an antenna complex of 90 chlorophylls and a
reaction center of 6 chlorophylls. In the light-harvesting process,
the antenna complex captures light and conducts the energy
towards the reaction center via resonance energy transfer. The
chlorophylls in the antenna complex are loosely arranged in two
layers on the lumenal and stromal side of the membrane, and
positioned around the perimeter of the protein complex.>' The
function of bio-nanohybrids incorporating PS I has been successfully
demonstrated in combination with plasmonic nanoparticles,”>*
carbon nanotubes,®® and semiconductor surfaces.'®®1417:25
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However, any real-world applications of such bio-nanohybrids
face the challenge of stabilizing the photosystem against harm-
ful environments.>® Another challenge to overcome is the weak
absorption of PS I monolayers,> which decreases device effi-
ciencies. Here, the encapsulation in a MOF offers the prospect
of both, providing a stable microenvironment>”*® and enabling
the controlled assembly of multilayered nanostructures.

The integration of PS I in a MOF has been demonstrated
experimentally in a recent study,>® where the zeolitic imidazo-
late framework (ZIF-8) was chosen as the encapsulating agent.
ZIF-8 is a MOF composed of divalent zinc cations and
2-methylimidazolate (MIm ™) and offers a series of attractive
physicochemical properties for applications in photocatalytic
bio-nanohybrids. In particular, ZIF-8 can be synthesized under
mild aqueous conditions and remains stable across a wide
range of solvents and temperatures.”® At the same time, it is
optically transparent in the visible part of the spectrum, allow-
ing its integration in light-harvesting devices.>® Pump-probe
experiments showed that PS I retains its function both upon
encapsulation in ZIF-8 and after digestion of the MOF in acidic
conditions.”® However, the fluorescence signal of the encapsu-
lated PS I exhibited an additional intense peak at 676 nm, apart
from the characteristic broad excitonic band between 660 nm
to 800 nm.>° This new signal is attributed to the emission of
excitonically uncoupled chlorophyll a and would normally be
indicative of a denatured PS I releasing its chlorophylls into the
solution. However, after digestion of the MOF, the authors
observed the fluorescence returning back to the original, exci-
tonic signal.>® This allows the hypothesis that molecular inter-
actions at the PS I/ZIF-8 interface can reversibly alter the
emission properties of the photosystem, while preserving its
principal structure and function.

As the mechanism of this process remains elusive to
experimental techniques, theoretical investigations can pro-
vide new insights into the molecular interactions at an
atomistic level. In particular, molecular dynamics (MD) simu-
lations are a valuable tool in the study of photosynthetic
processes.’® We recently presented a new computational
model of PS I,>" which accounts for the molecular dynamics
of the chromophores in their natural environment, as well
as the extensive multireference nature of chlorophyll excita-
tions.** This enabled the calculation of the excitonic energies
at an unprecedented high level of theory. In this work, we
build on our previous results to investigate the interactions of
PS I with ZIF-8, both in the beginning of the ZIF-8 self-
assembly around PS I and after formation of the ZIF-8 crystal.
We discuss the structural impact of the encapsulation via MD
simulations and the coordination of ZIF-8 building blocks
to the chlorophyll network. High-level quantum-mechanical
calculations give insights into the electronic structure at the
PS 1/ZIF-8 interface and reveal possibly undesirable electron
transfer from the MOF into the photosystem. Our results
provide a potential explanation for the previously observed
spectral anomalies upon encapsulation®® and give general
theoretical insights on potential pitfalls in the future design
of bio-nanohybrid devices.
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2. Methods

2.1. Preparation and purification of PS I

The PSI purification and monomerization protocol was adapted
from Baker et al.®* and Dobson et al.** Cells from the model
cyanobacterium Synechocystis sp. PCC6803 (wild type) were
grown in BG11 liquid medium, supplemented with 15 mM
glucose under continuous white light (50 pmol photons m 2 s~ %)
at 30 °C. Cells in the log phase were harvested by centrifugation
at 5000g for 10 min at room temperature. The cell pellets were
stored at —80 °C for further use. Frozen cell pellets were thawed
and resuspended in STN1 buffer (30 mM Tricine-NaOH pH 8,
15 mM NaCl, 0.4 M sucrose) and glass beads (212 pm to 300 um,
425 pm to 600 um, Sigma®™) were added. Cells were broken using
a Tissue Lyser II bead mill (Qiagen®) for 5 cycles, each cycle
consisting of 3 min at 30 Hz, followed by 5 min cooling on ice.
The lysate was cleared of cell debris and glass beads by centri-
fuging at 5000g for 5 min at 4 °C. Thylakoid membranes
were pelleted by ultracentrifugation using Beckman SW40i at
40000 rpm for 1 h at 4 °C. The membranes were then resus-
pended and incubated in STN2 buffer (30 mM Tricine-NaOH pH
8, 150 mM NaCl, 0.4 M sucrose) on ice for 30 min. The
ultracentrifugation was repeated to pellet thylakoid membranes
again. The membranes were resuspended in resuspension buffer
(30 mM Tricine-NaOH pH 8, 15 mM NaCl) and n-dodecyl
B-maltoside (DDM, ANAGRADE™) was added to achieve a mass
ratio of 15:1 DDM-to-chlorophyll. The samples were gently
mixed by pipetting and incubated on ice for 30 min. Insoluble
materials were removed by ultracentrifugation at 40 000 rpm for
1 h at 4 °C, and the supernatant was collected and applied to an
ion-exchange column (Toyopearl DEAE-650M, 5 mL, TOSOH
BIOSCIENCE®) on Akta. Proteins were eluted with a linear NaCl
gradient from 15 m to 350 m in a buffer of 30 mM Tricine-NaOH
(pH 8) and 0.2% DDM. The dark green fractions were collected
and loaded on 10% to 30% sucrose gradient, followed by
centrifugation at 36 000 rpm for 16 h at 4 °C using a Beckman
SW40i rotor. The lower green bands, corresponding to the PS I
trimer, were collected and 8% PEG3350 was added to precipitate
the protein. Precipitated protein was resuspended in resuspen-
sion buffer for further use.

For monomerization, the PS I trimer was diluted to
1 mg mL ™" chlorophyll concentration and 0.375% detergent
octylthioglucoside (OTG) was added. The mixed samples were
incubated at 55 °C for 5 min and cooled down on ice for 2 min.
This cycle was repeated 18 times. The treated sample was
loaded on 10% to 30% glucose gradient, followed by centrifu-
gation at 36000 rpm for 16 h at 4 °C, and the upper green
bands, corresponding to the PS I monomer, were collected and
precipitated by 12% PEG3350. Proteins were then resuspended
in resuspension buffer for further use.

MOF-encapsulated PS I complexes were formed in one cycle
by precipitating the ZIF-8 matrix from PS I-containing solution,
in line with earlier published procedures.”® The resulting
dispersions were decanted without centrifugation and the
powders were washed with water, before redispersion in aqu-
eous phosphate buffer.
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2.2. Optical spectroscopy

The UV/Vis spectra were measured on a Cary 60 UV/Vis spectro-
meter from Agilent Technologies. All spectra were measured at
room temperature in the respective solvent. Measurements
were taken in the range 200-800 nm. The utilized cuvette was
made out of SUPRASIL® quartz glass with a layer thickness
of 10 mm.

The diffuse-reflectance UV/Vis spectra were measured on a
UV-3600 Plus with integrating sphere unit of the company
Shimadzu. The reflection of the sample was measured in the
range 200-800 nm. For the recording of the UV/Vis spectra,
the samples were put between two quartz microscope slides.
As a reference barium sulphate was used.

2.3. Computational model of PS I

The molecular model and force-field parameters for PS I
were adapted from a previous publication and only a brief
overview is given here. For details, please refer to the original
publication.®'”

The structural model®® is based on the crystal structure
of cyanobacterial PSI*! in T. elongatus (PDB: 1JB0). In contrast
to our previous study, a PS I monomer was used to reduce
computational cost. The protein was described with Amber14sb>*>”
and all other parameters were carefully selected to be compatible
with the Amber protocol, which has been shown to yield reason-
able structures for photosynthetic complexes.>®*° In this context,
parameters for chlorophyll a and B-carotene were taken from the
literature.*>*" Tron-sulfur clusters and the coordinating cysteine
(CYS) residues were described with parameters for oxidized,
proximal Fe/S clusters.”> The lipids 2,3 dipalmitoyl-n-glycero-1-
phosphatidylglycerol (LHG) and 1,2-distearoyl-monogalactosyl-
diglyceride (LMG), which occur naturally as cofactors within PS
I, were described with the LIPID17 force field.**™* Parameters for
the head group of LMG were generated with antechamber®® using
the GAFF force field"” and RESP charges derived according to the
standard Amber protocol for lipids.**

For the MD simulations of pure PS I in water, the model was
placed in a triclinic box with dimensions 25 x 25 x 20 nm and
solvated by 394405 water molecules. Charge neutralization
was achieved by adding 15 Na" ions. The final system contained
1232600 atoms.

2.4. Molecular models of ZIF-8 and PS I@ZIF-8

ZIF-8 was modeled with the non-bonded force-field nb-ZIF-FF,*®
which we adapted for use with Gromacs. In contrast to many
other MOF force-fields, nb-ZIF-FF models the interactions
between the ionic MOF building blocks by a purely non-
bonded potential, allowing the breaking and formation of
bonds over the course of an MD simulation. To retain informa-
tion about the coordination symmetry, each Zn>* ion and each
coordinating N atom is surrounded by a set of charged dummy
atoms.”®™° In the original formulation,*® a Morse potential
was used to model the interaction between the building
blocks. However, as Gromacs does not natively support Morse
potentials, a custom Lennard-Jones potential was fitted to the
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original potential and used instead in this work (see ESIt for
details).

Two MD simulations including ZIF-8 were conducted in the
present work: First, the self-assembly of the MOF around PS I
was investigated up until the amorphous stage. Here, the PS I
monomer was placed in a triclinic box with an edge length of
23 x 23 x 18 nm and solvated with water. Subsequently, 4272
Zn*" ions and 8544 MIm ™~ ions were randomly placed in the box
by replacing water molecules. The number of molecules was
chosen to model the experimentally used MIm™ concentration
of 1.49 mol L™, Differing from the experimental conditions, a
stoichiometric amount of Zn** was used in the calculations to
achieve charge neutralization. The remaining negative charge,
due to anionic residues in the PS I backbone, was neutralized by
adding 15 Na" ions. The final system contained 890474 atoms.

As the actual crystallization process of ZIF-8 takes place on a
timescale of several minutes and is out of reach even for
metadynamics simulations,*® a second MD was performed with
PS I embedded in a fully-formed ZIF-8 crystal. Here, a unit cell
was constructed based on the experimentally determined crys-
tal structure®! (CCDB: 864310). Water and hydrogen atoms were
removed and dummy atoms required by the force-field*® were
added by superimposing models of Zn** and MIm~ onto the
crystal structure. Next, missing hydrogen atoms were added
to the building blocks with the Gromacs function pdb2gmx.
Redundant building blocks were removed in order to apply
periodic boundary conditions. The resulting unit cell was
replicated 12 times in x- and y-directions and 9 times in
z-direction. Subsequently, monomeric PS I was embedded in
the crystal center by deleting any ZIF-8 atoms in a distance of
5 A around PS I. The composite was solvated with water and
placed in a triclinic box with dimensions 23 x 23 x 18 nm. The
charge imbalance caused by the creation of the crystal cavity
was neutralized by randomly replacing solvent molecules out-
side the ZIF-8 crystal with 128 free Zn*>* ions. The remaining
negative charge from PS I was neutralized by adding 15 Na*
ions. The final system contained 1014 077 atoms.

2.5. Classical molecular dynamics

Molecular dynamics simulations were performed with Gro-
macs.>® A double-precision installation of Gromacs 2022.2 was
used for the simulation of encapsulated PS I, while the simula-
tions of amorphous ZIF-8 and PS I in water were performed
with a single-precision version of Gromacs 2023.2 with GPU
support.

Multiple MD simulations were conducted, which differ in
the details but adhere to the same general protocol. The total
energy of the system was minimized with the steepest descent
algorithm until the maximum force fell below 1000 k] nm ™"

In all following simulations, the leap-frog integrator was
used with a time step of 2 fs and bonds to hydrogen atoms were
constrained with the LINCS algorithm.>® Short-range electro-
statics were evaluated with Verlet lists®>® using a cutoff distance
of 1.2 nm. The smooth Particle-mesh Ewald (SPME) scheme®*®
was used to calculate long-range electrostatics, using fourth-
order interpolation and a Fouier grid spacing of 0.16 nm.

This journal is © the Owner Societies 2024
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The system was equilibrated in three phases: first, to relax
the system further, it was annealed from 10 K to 100 K over
50 ps in an NVT ensemble, before propagating for another 50 ps
at a constant temperature of 100 K. Temperature control was
achieved with the V-rescale thermostat,”” using a time constant
7 of 0.1 ps. In the second step, the ensemble was switched to
NPT, controlled by the V-rescale thermostat® (z = 0.1 ps) and
the Berendsen barostat® (t, = 2.5 ps). Here, the system was
heated from 100 K to the target temperature of 300 K within
100 ps and propagated at 300 K for another 900 ps at constant
temperature and pressure. The pressure was equilibrated to an
isotropic reference pressure of 1 bar. An isothermal compres-
sibility of 4.5 x 10> bar ' was used for simulations in water.
In the final equilibration step, the system was propagated for
10 ns in an NPT ensemble at 300 K and 1 bar, controlled by the
Nosé-Hoover thermostat®>®® (tp = 2.5 ps) and the Parrinello-
Rahman barostat®** (t, = 10.0 ps).

Production simulations for PS I in water and PS I@ZIF-8
were carried out for 100 ns and 30 ns, respectively, in the fully
equilibrated ensemble. The 100 ns production simulation of
the ZIF-8 self-assembly around PS I was carried out already
after the second equilibration step, to be able to follow the
aggregation of the ZIF-8 nanoparticles. The MD trajectories
were analyzed with the python library MDAnalysis 2.7.0.°%%*
Molecular visualizations were created with VMD 1.9.3.%°

2.6. Quantum chemical calculations

Geometry optimizations in the ground state were performed
with Orca 5.0.3 using the r?'SCAN-3¢ composite method, which
has been shown to provide reasonable structures for a wide
variety of organic molecules at much lower cost than hybrid
density functionals.®® Optimized structures were verified as
minima by the absence of imaginary vibrational frequencies.
Excited state geometry optimizations were performed at the TD-
CAM-B3LYP level®” with the def2-TZVP basis set.®® The RIJCOSX
approximation®”" was used to speed up the calculations, in
conjunction with the def2/J Coulomb fitting basis.”” The range-
separated hybrid functional CAM-B3LYP was chosen to deal with
possible charge-transfer interactions. It has proven to provide
qualitatively correct spectra and structures for chlorophylls,”*”>
even though recent benchmarks indicate that final excitation
energies should be evaluated at higher levels of theory.”*””

Therefore, excited states were calculated in the Tamm-
Dancoff approximation’® using the range-separated double-
hybrid functional SCS-wPBEPP86”° in combination with the
def2-TZVP basis. Again, the RIJCOSX approximation®® "' was
used with the def2/]”> and def2-TZVP/C*® auxiliary basis sets.
Eight roots were calculated. The excited state wavefunctions
were analyzed with the TheoDORE 2.4.0 program package®'™®* to
identify charge-transfer (CT) states.

The TD-DFT results were compared against DFT/MRCI
calculations,®*"®® which include multireference effects. Here,
the DFT reference was calculated with Orca 5.0.3 using the
BHLYP®”*® functional and the def2-SVP®® basis set. Coulomb
and exchange integral evaluation was accelerated with the RI-JK
approximation®® using the def2/]”> and def2-SVP/C*® bases. SCF
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convergence was tightened to 10~ Ey, (Orca keyword SCFCONV?7).
Corresponding to the Gouterman model,* a CISD expansion of
four electrons in the four frontier orbitals was used as an initial
guess for the MRCI reference space. This reference space was
iteratively optimized until it contained all leading configurations of
the first 8 roots, using the R2018 Hamiltonian® with a selection
threshold of 0.8E;, and the tight parameter set.

QM/MM excited state calculations using the DFT/MRCI
method in the QM region were performed for eight Chl a
chromophores in the PS I@ZIF-8 composite, which were mostly
affected by the coordination with MIm™. DFT/MRCI has been
used before in the context of QM/MM calculations and has
repeatedly performed well in reproducing experimental reference
energies.***™%* For every chlorophyll molecule, 20 evenly spaced
snapshots were sampled from the crystal MD simulation. The QM
region contained the chlorophyll and any MIm ™ units within 4 A of
the central Mg®" ion. The phytyl chain was capped at the first
carbon by a hydrogen link atom.**** Electrostatic embedding was
used to describe the polarization of the QM wave function by the
MM environment. Point charges were taken directly from the force
field, including the dummy charges on the ZIF-8 building blocks.
To prevent excessive polarization, point charges were shifted away
from the link atom, and artificial charges were introduced along
the bond axis to maintain the dipole moment.’® In each QM/MM
calculation, the QM subsystem was centered in the box by applying
periodic boundary conditions.

2.7. Statistical analysis

The sampled data points were divided into three groups, based
on the number of MIm™ ions within a 4 A sphere around the
chlorophyll’s Mg** ion in the respective MD snapshot. A one-
way ANOVA analysis®® was conducted on the CT numbers and
vertical excitation energies into S;, followed by Tukey’s HSD
test®” to evaluate the statistical significance of the differences
between the three groups. Reaction center chlorophylls were
excluded from the analysis as they remained unaffected by the
ZIF-8 encapsulation.

3. Results and discussion

Embedding an intricate biomolecular system like PS I in a MOF
can affect its properties in two ways. First, the encapsulation
process may alter the structure of the photosystem, either
unfolding the protein itself or releasing previously bound
chlorophyll molecules into the reaction mixture. Second, elec-
tronic interactions between the charged MOF building blocks
and the PS I chromophores may alter the spectral properties of
the latter. Both types of effects, structural and electronic, will be
discussed in detail in the following.

3.1. Absorption spectroscopy on PS I in diverse environments

In order to provide benchmarks and guidelines for our calcu-
lations, we measure optical spectra under experimental condi-
tions covering the diverse range of PS I local environments.
In particular, we rely on UV/Vis absorption and diffuse reflectance
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03021d

Open Access Article. Published on 22 August 2024. Downloaded on 4/2/2026 9:03:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

spectroscopies to monitor the integrity of the PS I during the stages
of MOF encapsulation.

In the top panel of Fig. 1 we show the UV-Vis absorption
spectra of PS I in buffer solution and in the presence of the
MOF matrix building block MImH (1.5 mM, pH 9). The direct
comparison with the spectra of an aqueous phosphate buffer
solution of PS I reveals that the presence of MImH has no
significant effect on the optical properties of the photosynthetic
complex. This suggests that electronic interactions between the
MOF linker and PS I are negligible in solution.

While simply the presence of the MOF linker MImH clearly
has negligible impact on the optical properties of PS I, inter-
action between the linker and PS I appears more substantial
after formation of the MOF framework, as witnessed by the UV/
Vis absorption spectra in the bottom panel of Fig. 1. While the
overall chlorophyll a-like spectral shape of PS I is similar before
and after encapsulation, we observe peak broadening and slight
shifts in the transition energies in both Q- and B-band regions.
These effects are often observed on embedding chromophores
in a more strongly interacting and heterogeneous environment,
in agreement the expected behavior on changing the local PS I
environment from aqueous buffer to the much more highly
structured MOF framework.

Importantly, after digestion of the MOF by acidification of
the dispersion, PS I is released back into solution. The corres-
ponding spectrum, shown as a red line in the bottom panel of
Fig. 1, shows complete recovery of the initial in-solution PS I

—— Phosphate Buffer
Acetate Buffer
—w/ Melm

In Phosphate Buffer
In ZIF8

—— Digested ZIF8

------ ZIF8 Background

Absorbance (a.u.)

500 600 700

Wavelength (nm)

Fig. 1 Top panel: absorption spectra of PS | in phosphate—(gray, 0.05 M,
pH 7.4) and acetate buffer (blue, 0.5 M, pH 5.3). PS | absorption spectrum in
phosphate buffer in the presence of 2-methylimidazole (1.5 mM MIimH, pH
9) acting as a building block of the ZIF-8 framework shown in red. Bottom
panel: comparison of PS | absorption spectra in phosphate buffer (gray),
after MOF encapsulation (blue), and after release by digestion of the MOF
(red). The scattering spectrum of a pure ZIF-8 MOF suspension shown as
dashed gray line.
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absorption spectrum, which provides strong evidence that the
complex remains structurally intact and presumably functional
throughout the entire encapsulation-release cycle. Thus, our
experimental results corroborate previous accounts®® and pro-
vide a starting point for theoretical investigations.

3.2. Structural integrity of PS I in ZIF-8

The structural integrity of PS I was investigated via MD calcula-
tions both during the crystallization process of ZIF-8 around PS
I and after the crystal had fully formed. As the crystalliation of
ZIF-8 takes place on a timescale of several minutes,”**® only the
early stages of the self-assembly process, up until an amorphous
phase, are accessible with MD simulations.*® Therefore, we simu-
lated the first 100 ns of self-assembly around PS I, starting from a
homogeneous, stoichiometric mixture of Zn** and MIm™ ions,
solvated in water. Early on, already after 1 ns, clusters of the MOF
building blocks start to form and also attach to PS I. As time
progresses, the clusters grow and form an amorphous mass, which
is loosely bound to PS I (Fig. 2). Visual analysis of the MD
trajectories (Fig. S9, ESIT) confirms that both Zn*" and MIm™~
permeate up to 1 nm into the protein matrix, especially in the
peripheral antennas. However, these interactions induce no appar-
ent changes in the secondary or tertiary structure of PS I. Most
importantly, all 96 chlorophylls remain bound to the photosystem
and are not being released into the solvent.

The visual impression from Fig. 2 can be quantified by
calculating the RMSD of relevant PS I components with respect
to an experimental crystal structure®' over the course of the
self-assembly process (Fig. 3a). The time-dependent, mass-
weighted RMSD is generally defined as

RMSD(¢) = %XN: my|x; (1) — Xlr_ef|27 (1)
i=1

where x,(t) and x;°" are the Cartesian molecular coordinates at

the current time step and at the reference structure, respec-
tively, and the index 7 runs over the number of atoms N. Only
non-hydrogen atoms were considered in the analysis. Transla-
tional and rotational degrees of freedom were removed in each
time step by aligning®® the protein C, backbone with the
reference structure. Any structural changes induced by the
encapsulation should increase the RMSD. However, the RMSD
of the protein backbone as well as that of the cofactors, 96
chlorophyll @ molecules, 22 carotenoids and 2 phylloquinones,
remains stable over the entire 100 ns of the trajectory.

As a measure of the protein stability, the radius of gyration
R, was calculated. R, measures the compactness of the protein
and gives a quantitative estimate on whether the protein
unfolds over time. It is calculated in each time step ¢ as the
mass-weighted mean distance from the center of mass Xcom:

N
m;.

1 & .
Ry(1) = MZm,-|x,-(t)—xCOM(t)|2, with M =
i=1 i=1

(2)

During the self-assembly process of ZIF-8 around PS I, the
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Fig. 2 Visualization of the structural integrity of PS | in the early stages of the ZIF-8 self-assembly process. (a) Protein and chlorophyll network in 50
equidistant snapshots over 100 ns, colored by the time-averaged RMSD of each residue with respect to the first frame of the trajectory after alignment of
the protein backbone. Higher RMSD indicates more mobile residues. (b) Selected snapshots of the MD trajectory, showing the clustering of the ZIF-8
building blocks. Water molecules are omitted for clarity. View from the stromal side, left panel in (a) rotated by 90° around x.

radius of gyration of the protein (Fig. 3c) remains stable
at a mean value of 43.68(5) A. In comparison, the R, of PS I
in water is marginally lower with a mean value of 43.28(7) A.
The small discrepancy is explained by different orientations
of the N-terminal loops of the protein subunits K and F in
the two simulations (Fig. S8, ESIt), which is most likely a
result of different initial conditions. Both the RMSD and
the radius of gyration therefore indicate that PS I remains
structurally intact during the early self-assembly process of
the MOF.

Nevertheless, the amorphous phase may interact differently
with PS I than a crystal. Therefore, a second MD simulation was
performed with PS I encapsulated in a fully formed ZIF-8 crystal
(Fig. 4). Due to the molecular setup, where the crystal cavity was
perfectly shaped to accommodate the photosystem, PS I is
tightly bound and its rotational and translational degrees of
freedom are heavily restricted by the ZIF-8 crystal. Apart from
the cavity, the periodicity of the crystal is perfectly preserved
during the MD, as evident from the Zn**-Zn** radial distribu-
tion function (Fig. S4, ESIT). In a real crystal, the packing at the
ZIF-8/PS 1 interface is possibly not as tight and may contain
more imperfections. While this would increase the flexibility of
the photosystem, it is unlikely to change the fundamental
interactions at the interface. As for the amorphous phase, the
encapsulation in the crystal induces no structural change
observable in the RMSD or in the protein radius of gyration

This journal is © the Owner Societies 2024

(Fig. 3b and c). Thus, the photosystem is structurally stable
both during and after encapsulation in ZIF-8. Although this is
an encouraging result in the context of bio-nanohybrid applica-
tions, it does not explain the observed spectroscopic changes
upon encapsulation.?®

Therefore, we now focus more closely on the interactions
between the ZIF-8 building blocks and the chlorophylls at the
ZIF-8/PS 1 boundary. In particular, the anionic MIm™ building
blocks are able to coordinate axially to the chlorophyll’s Mg>*
ions if the chlorophylls are exposed to the outside of the
photosystem. To quantify the extent of such coordination, we
analyzed the coordination of each of the 96 chlorophylls in PS I
over the time of the crystal MD trajectory (Fig. S6, ESIT). Most
chlorophylls do not interact with the ZIF-8 crystal, because they
are deeply embedded in the protein framework. Few chloro-
phylls show weak interactions, where atoms belonging to MIm™
diffuse in and out of the pre-defined coordination sphere
with radius 4.0 A around the Mg®" ion. In total, there are 32
chlorophylls which experience at least one coordination event
over the course of the 30 ns MD trajectory in the ZIF-8 crystal.
The eight most affected chlorophylls, coordinated for at least
40% of the total simulation time, are all located on the out-
skirts of the photosystem and thus not well-shielded by the
protein against the environment (Fig. S12, ESIt). Looking at the
early stages of the self-assembly, even more chlorophylls inter-
act with MIm™, due to the higher mobility of the ZIF-8 building
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gyration during and after crystallization. The RMSD in the reference
trajectory of PS | in water is depicted in Fig. S5 in the ESI.{

blocks when they are not bound in a crystal. Here, 40 chloro-
phylls experience at least one coordination event over 100 ns,
with 19 of them remaining coordinated for at least 40% of the
trajectory (Fig. S6, ESIT). As the MD trajectory only samples a
fraction of the phase space, it is conceivable that in reality,
all chlorophylls located on the outer border of PS I experience
significant coordination at one time or another in the self-
assembly process. Such coordination can alter the spectro-
scopic properties of the photosystem via electronic interactions
between ZIF-8 and the chlorophylls. These interactions at the
PS I/ZIF-8 interface will therefore be investigated more closely
in the following.

3.3. Electronic interactions at the PS I/ZIF-8 interface

Quantum chemical calculations were performed to investigate
the electronic effects of coordination by MIm™ on the chlor-
ophylls at the PS I/ZIF-8 interface. In a first step, the structure of
an isolated chlorophyll was optimized at the r’SCAN-3c level of
theory.®® Additionally, the structure of a chlorophyll axially
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Fig. 4 PS|embedded in the ZIF-8 crystal and solvated by water. Chloro-
phylls are highlighted in red. Top view from the stromal side, box dimen-
sions after equilibration.

coordinated by MIm™~ was optimized at the same level. Excited
states were calculated using both the range separated double-
hybrid functional SCS-wPBEPP86’° and the DFI/MRCI
method.®® Both methods have shown to yield excellent absorp-
tion properties for chlorophylls, which exhibit non-negligible
multireference character, even in low-energy excited states.*'~>7*
SCS-oPBEPP86 performs especially well for charge transfer
excitations® and was thus used to double-check the DFT/MRCI
results. For simplicity, the rest of the environment was not
considered at this stage; its effect will be discussed later.

At the DFT/MRCI level, the first excited state of the Chl
a---MIm~ aggregate has non-negligible CT character at the
Franck-Condon point, transferring electron density from the
anionic ligand to the chlorophyll (Fig. 5a). At the SCS-
®PBEPP86 level, this CT is slightly higher in energy and
predicted to be the third excited state. In both theoretical
frameworks, the main character of the first excited state
remains unchanged with respect to the isolated chlorophyll

This journal is © the Owner Societies 2024
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Fig. 5 Difference density (DFT/MRCI) for Chl. a---MIm™ at (a) the Franck—Condon point and (b) at the S; minimum. Electron density is transferred from
blue to yellow regions (isovalue 0.002), indicating a CT from MIm™ to the chlorophyll. (c) The transition dipole moment (DFT/MRCI) for uncoordinated
Chl. a (black), is similar to that of Chl. a---MIm™ at the Franck—Condon point (orange) but rotates out of the molecular plane upon relaxation to the S;

minimum (short orange arrow, scaled up by factor 15 for visualization).

and the transition dipole moment stays oriented along the
molecular y-axis. However, upon excited state relaxation, mod-
eled by optimizing the geometry of the first excited state, the CT
character begins to dominate and the transition dipole
moment reorients until it is orthogonal to the chlorophyll’s
molecular plane (Fig. 5b and c). Additionally, the new S, at the
excited state minimum is significantly lower in energy and
almost dark, with a vertical emission energy of 0.65 eV and an
oscillator strength of 7 x 107°. It is noteworthy that the CT
occurs only if the ligand is in its fully deprotonated, anionic
form. In a buffer solution, as used in the spectroscopy experi-
ments in Fig. 1, 2-methylimidazole exists as a mixture of MImH
and MImH, ", which do not induce a CT (Tables S10-S14, ESIY),
even though they also tend to coordinate (Fig. S7, ESIY).

Starting from the initial CT, two pathways are conceivable:
either the chlorophyll relaxes back to the original ground state,
regenerating a neutral chlorophyll with an anionic MIm™
ligand, or the CT creates a chlorophyll anion. The latter case
would require the two molecular units to separate for the CT
state to become the new ground state. This is unlikely, given the
tight encapsulation by the crystal. Nevertheless, we investigated
the spectral impact of chlorophyll anion formation by calculat-
ing excited states at the optimized geometry of a Chl @~ anion
with the same protocol as before. The first excited state of Chl
a is a weakly absorbing state with an oscillator strength of
0.0735 (SCS-oPBEPPS86). Its vertical excitation energy is 1.26 eV,
significantly lower than that of a neutral Chl a (1.87 eV). This
means that if an anion is formed, it will not be excitonically
coupled with adjacent neutral chlorophylls due to the large
energy gap. Instead, a chlorophyll anion should give rise to an
additional fluorescence band in the NIR spectral range.
In practice, the fluorescence signal of PS I@ZIF-8 only shows
the characteristic sharp Q, peak of isolated chlorophylls at
661 nm.>® However, the measurement of NIR signals in the
presence of ZIF-8 is challenging, due to the strong scattering by
the nanoparticles. We therefore can not rule out formation of
chlorophyll anions, although it appears unlikely.

To investigate the frequency of the discussed CT events, we
performed a series of QM/MM excited state calculations at the
DFT/MRCI level on the eight most-coordinated chlorophylls in

This journal is © the Owner Societies 2024

the PS I@ZIF-8 crystal and on the reaction center chlorophylls
labeled eC-A1 and eC-Bl. Geometries were sampled from
20 evenly spaced MD snapshots. Out of 200 calculations, 195
terminated normally and were used for further analysis. The
vertical excitation energies into the first excited state are
summarized in Fig. 6, where each data point represents the
respective chlorophyll in one snapshot. Additionally, the CT
character of each state was quantified via analysis of the
transition density.®"® The amount of CT is quantified by the
CT number, which ranges between 0 (no CT) and 1 (single
electron transfer).

It is immediately apparent from Fig. 6 that the reaction
center chlorophylls remain unaffected by encapsulation in ZIF-
8, corroborating that PS I retains its function in the bio-
nanohybrid.?® In contrast, the chlorophylls interacting directly
with the MOF exhibit very different photophysics. The sampled
data contains 104 coordination events, corresponding to 67%
of the total number of data points outside the reaction center.
Out of these, there are 11 cases, where two MIm™ ions are closer
than 4 A to the chlorophyll’s Mg?* ion, which will be referred to
as double coordination in the following. 92 of the 104 coordi-
nation events lead to a CT number >0.5. A one-way ANOVA
analysis was carried out to compare the effects of MIm™
coordination on the CT numbers and vertical excitation ener-
gies into S; between the uncoordinated, singly coordinated and
doubly coordinated chlorophylls. There is a significant effect of
the coordination on the CT number for the three groups of
samples [F(2192) = 568.617, p<0.001]. Post-hoc analysis using
Tukey’s HSD test reveals that coordination significantly (p <
0.001) raises the mean CT number of the singly and doubly
coordinated samples by 0.800 and 0.893 with respect to the
uncoordinated samples, whose CT number is 0 by definition.
However, the difference between single and double coordina-
tion is not significant. Moreover, coordination by MIm™ has a
significant effect on the vertical excitation energies into S;
[F(2192) = 71.962, p < 0.001]. Single coordination lowers the
mean energy for excitation into S; by 0.46 eV, double coordina-
tion by 0.70 eV. Both energy differences are statistically
significant (p < 0.001). We note that the interplay between
force field and QM method can affect these results, as both

Phys. Chem. Chem. Phys., 2024, 26, 23228-23239 | 23235


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03021d

Open Access Article. Published on 22 August 2024. Downloaded on 4/2/2026 9:03:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
0.0 0.2 0.4 0.6 0.8 1,0
ol eee—
Coord. © none A single O double
2:0: 4 A
!i l% R IA o b 8o ‘ | |
A A A |
15 f 4 A AN A A
- i 2 ‘ & A ] *
1] 4 t A
beod A { |
> 4 A -
o 1.0 i A
o A &
c <1
w A A A
0:5 1
m
0.0 I I I I I I I I I I
L T oo T o S o TR IR < IR Y oY
v QY MY P INA N Uv Og;

< <
Chlorophyll

Fig. 6 Distribution of vertical excitation energies (DFT/MRCI) into the S;
state of selected, frequently MIm™-coordinated chlorophylls in PS I. Data
points are colored by the amount of CT character of the excitation. The
shape of the data points signifies the number of coordinating MIm™ ions
within 4 A of the respective Mg?* ion. The horizontal gray line illustrates
the experimental excitation energy into Q, in Chl a.

structures and point charges are taken directly from the classi-
cal MD simulations.'® The strength of the non-bonded inter-
actions between MIm~ and the Mg>" ions is of particular
importance in this regard, as it controls the distance between
the two molecules. The average N-Mg distance in the snapshots
sampled in Fig. 6 is 4.21 A, slightly longer than in the optimized
geometry of the Chl a- - -MIm ™ aggregate (3.75 A). Based on this,
the QM/MM sampling likely rather underestimates the amount
of CT events. We therefore conclude that coordination by MIm™
significantly decreases the vertical excitation energy into S; and
induces a CT towards the chlorophyll.

3.4. Effects on the light-harvesting network

The results presented so far allow to draw conclusions about
possible deactivation pathways following photo-excitation of
the chlorophylls in PS I@ZIF-8. After population of the Q, state
of one of the chlorophylls, the exciton can delocalize via
Coulomb interactions with another chlorophyll, lowering the
energy of the collective excited state. Without the MOF, this
delocalized exciton would eventually fluoresce back to the
ground state, resulting in the characteristic exciton emission
band in PS I. In the presence of MIm™~ however, a CT state
localized on one of the chlorophylls is energetically below the
excitonic state. The large energy difference to the S; state of
uncoordinated chlorophylls as well as the vanishing and reor-
iented transition dipole moment of this CT state effectively
decouples the affected chlorophyll from the rest of the excitonic
network. To assess the impact of these changes in the light-
harvesting antenna, we simulated the exciton distribution once
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including all chlorophylls and once without the eight most
frequently coordinated chlorophylls (Fig. S12, ESIT).
Compared to the unperturbed light-harvesting system in PS

the energy distribution changes only minutely, as the
coordinated chlorophylls are only weakly coupled to begin with.
No changes are observed in the reaction center and in the red
chlorophylls,* corroborating that the primary function of PS I
remains unimpaired. However, a small part of previously
delocalized excitons now localize more strongly on single
pigments. For example, one exciton that was formerly deloca-
lized across 11 pigments with a larger contribution by chlor-
ophyll A8 (46%) is now localized by 88% on A8. Given that
excitons generally quench fluorescence and chlorophyll on its
own is a strong fluorophor, this MOF-induced excited state
localization could contribute to the strong emission peak
observed® in the PS I@MOF bio-nanohybrid.

31
L

4. Conclusions

In this work, we have investigated the structural and electronic
impact of encapsulating cyanobacterial PS I in the MOF ZIF-8.
Such encapsulation is desirable in the context of bio-
nanohybrid applications, where the near-unity efficiency of PS
I can be harnessed to catalyze chemical reactions***'*172% while
the MOF protects the photosystem from harsh environments.

MD simulations show how PS I remains structurally intact
upon encapsulation in ZIF-8, in both the early and late stages of
the crystallization process. Neither does the protein unfold, nor
is there any significant structural change in the chlorophyll
network. Any observed spectral anomalies®® must therefore
stem from electronic interactions at the PS I/ZIF-8 interface.
In this context, analysis of the MD trajectories reveals how the
ZIF-8 building blocks coordinate to the Mg>" ion of peripheral
chlorophylls in PS I. Such coordination enables CT excitations
at the boundary, where the MOF can effectively photoreduce
some of the chlorophylls. High-level QM calculations show that
such photoinitiated CT lowers the energy of the first excited
state, reorients the transition dipole moment and reduces its
magnitude. QM/MM sampling along the MD trajectory show
that these perturbations occur frequently at the PS I/ZIF-8
interface. As such, they decrease the excitonic coupling between
the chlorophylls in PS I, which normally quenches the fluores-
cence signal. The resulting uncoupled chlorophylls provide a
possible explanation for the reversible strong fluorescence
signal in the spectrum of PS I@ZIF-8, compared to pure PS
1.>° Nonetheless, the reaction center and thus the primary
function of the photosystem remains unaffected by the encap-
sulation in the MOF, encouraging future breakthroughs on this
road to artificial photosynthesis.
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