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Well-organized protein assemblies offer many properties that justify their use for the design of innovative bionanomaterials.

Here, crystals of the oligomerization domain of the LEAFY protein from Ginkgo biloba, organized in a honeycomb

architecture were used as a modular platform for the selective grafting of a ruthenium-based complex. The resulting bio-

hybrid crystalline material was fully characterized by UV-visible and Raman spectroscopies as well as by mass spectrometry

and LC-MS after selective enzymatic digestion. Interestingly, insertion of complexes within the tubular structure affords a

impressive increase in stability of the crystals eluding the use of stabilizing cross-linking strategies .

Introduction

The field of nanotechnologies has emerged with the prophetic
lecture given by R. Feynman to the American Physics Society in 1959:
“There’s plenty of room at the bottom” in which was raised the
possibility of manipulating matter at the atomic and molecular level
in order to form new materials.? Sixty years later, thanks to the
development of nanotechnologies (design, handling,
characterization and use), it was established that nanometric
materials allow often access to different and unexpected properties
of the micro or macroscopic material, opening the door to potential
applications to new domains.2

Some biomacromolecules, such as DNA and proteins, have the
potential to self-assemble into sophisticated highly ordered
nanostructures with various topologies providing specific functions.
As the spatial arrangement of proteins is a prerequisite for their
specific biological functions, advances in both chemistry and
biotechnologies were necessary for the conception of manmade
nanomaterials derived from proteins with controlled architecture
(i.e. cages, fibers, tubes, multiscale layers and crystals).3-8 Such well-
organized protein assemblies have properties which render them
useful for the design of innovative bionanomaterials: i) stability and
solubility under biological conditions, ii) a hierarchical organization
of individual building blocks into larger scale structures, iii) a confined
and chiral environment, iv) the availability of residues offering many
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functionalizable sites and v) the possibility to modulate the protein
building block by genetic manipulations.

Taking advantage of both the versatility of synthetic materials and
the properties of controlled assembly of biomolecules, several bio-
hybrid systems combining either nanoparticles, organic synthetic
molecules or metal complexes on or within a protein assembly were
reported for applications in various domains such as biocatalysis,
nanodevices, medical imaging, drug delivery, diagnosis and therapy.
925 Yet, even if it is a field in full expansion, the variety and the
number of proteins used remains poorly exploited despite their high
potential. This is particularly true for protein crystals that appear to
be promising candidates for the design of functional materials since
they offer the following advantageous properties: i) a highly ordered
monomers arrangements that form a variety of porous structures, ii)
a confined and chiral interior space with solvent-filled channels that
allows the diffusion of various small functional molecules, iii) a high
catalyst loading capacity can be expected due to high molecular
concentrations and finally iv) the possibility to design improved
biocatalysts guided by the atomic resolution details of crystal
structures. However, despite the impressive craze in the
development of artificial enzymes, little is done in such specific
area.?®

In this paper, crystals of the LEAFY protein, which gather
serendipitously all the characteristics necessary to produce bio-
hybrid materials were selected: A regular honeycomb crystal
architecture forming long nanotubes (5 nm x0.5mm) that allow for
the diffusion of chemicals and a free protein C-terminal tail directed
in the solvent channel that can be used as modular platform to graft
molecules of interest. As a proof of concept, we report the selective
bio-conjugation of a ruthenium-based complex grafted within the
regular nanotubes in the crystals of LEAFY. The bio-hybrid system
was fully characterized by spectroscopic methods and LC-MS
analyses. Particularly, it was observed that the introduction of such
complexes results in the formation of a highly stable (chemically and
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over time) biohybrid material that does not need to be further
stabilized by cross-linking strategies.

Results and Discussion

LEAFY protein crystal as modular template for the preparation of
bio-hybrid materials

Recently, the crystal structure of the Sterile Alpha Motif (SAM)
domain of the LEAFY protein from Ginkgo biloba (GbLFY-SAM) was
solved.?” The LEAFY protein is a transcription factor involved in plant
meristem division and differentiation.2® Each monomer of the GbLFY-
SAM (LEAFY WT) (111 amino-acid residues without any cysteine)
interacts with another monomer via head-to-tail interaction
resulting in a helix-shaped oligomer (Fig. 1a).2’” Each helical oligomer
interlocks with six others leading to a honeycomb architecture with
tight interaction between the edge of each helix and the groove of
its six neighbors (Fig. 1a). Most of the interactions leading to the
formation of the primary helix and the honeycomb architecture
involve hydrogen bonds and electrostatic interactions. This results in
the formation of a crystalline honeycomb structure showing parallel
nanotubes with interesting features. LEAFY crystals display specific
features that make them eligible objects for biotechnology
applications and for industrial use: i) The crystals of long needle
morphology (up to 0.5*0.07*0.07 mm3), which can be further
reinforced and colored by Ru-complexes (in this paper), are easy to
handle; 22 ii) The protein shape, the crystal symmetry, the oligomer
assembly and the high solvent content (57%) forms a network of long
internal nanotubes (~5 nm) along the crystal C-axis that can serve as
a nano-fluidic system to channel many small chemicals within the
crystals; iii) A single crystal concentrates more than 45 000 billions of
monomers allowing a very high loading in complex, which constitutes
certainly a major asset for the design of bio-hybrid systems; iv) a C-
ter disordered extremity constituted by 38 residues
(RAEKRRLDELERKg;KLDLFVDVDGKRKADENALDTLSQA) is floating
inside the crystal channels, and can be used as a modular platform
for the grafting of various species to achieve fine chemistry. Only the
first twelve residues of the C-terminal sequence are observable in the
X-ray crystal structure, probably due to a lack of regular arrangement
of a major part of the side chains or to an important flexibility and
thermal disorder. However, the integrity of the chain in the crystal
was verified by MS analysis (Fig. S1, ESI).

2| J. Name., 2012, 00, 1-3

GbLEAFY-SAM Oligomerization Oligomer interaction Honeycomb structure
b)
g
o5
‘ 5 ___» KRRDELERCKLDLFVDVDGKRKADENALDTLSQ
% n e AARPERET
. e PR Ordered  Disordered (25 aa)

"%

Model of grafting into nanotube C-terminal sequence of GhLEAFY-SAM-K84C

<)

100um 100pm

LEAFYKSAC crystals RU < LEAFY g Crystals

Fig. 1. (a) Self-assembly of LEAFY WT into a honeycomb architecture leading
to the formation of a tubular structure. The diameter of each tube as well as
the distance between the centre of two tubes are indicated ; (b) Synthetic
view of the honeycomb structure and of the targeted complex localization ;
(c) Grafting process of IA-Ru-Cl into LEAFYksac crystals.

Preparation of the bio-hybrid material

For a selective functionalization of this material, it was decided to
introduce a single cysteine residue per monomer as a unique binding
site. This was achieved by mutation of the lysine 84, first residue of
the disordered side chain closed to the wall of the tube (see above)
(LEAFYksac) without noticeable modification of the crystals
characteristics. It was also anticipated that introduction of a
relatively large charged molecule with aromatic ligands could
potentially increase the rigidity and/or the order in the internal
structure thanks to additional interactions (i.e. m-stacking,
electrostatic interactions). Using a crystallization buffer containing
Tris-HCI (12.5 mM, pH7.2), ammonium sulfate (550 mM) and Tris(2-
carboxyethyl)phosphine (1mM), conditions were optimized to get a
good reproducibility in terms of crystals size and number in each
crystallization well. Protein amount in crystals issued from every well
of crystallisation was then determined to be 112.10"'2 mol by
electrophoresis gel using LEAFY WT as standard. In order to assess
the feasibility of a controlled grafting inside the tubes at selected
sites, we used a [Ru(tpy)(phen)Cl]?*-derivative (with tpy, terpyridine
and phen, 1-10-phenanthroline) as polypyridyl ruthenium complex
mainly for its high absorption properties providing a typical
spectroscopic footprint useful for the characterization of the
material and for its potential catalytic activity.30-37

Overnight soaking crystals with an excess (14 equiv./cysteine on the
basis of electrophoresis determination) of [(IA-phen)(tpy)Ru-Cl]*
complex (IA-Ru-Cl) (Fig. 1c) (obtained from RuCls in 3 steps (Fig. S2,
ESIT) and functionalized with a iodoacetamide function (IA) known
to be selective of cysteine residues33° results in a permanent and
deep coloration of the crystals. The persistence of this coloration
after intensive washing strongly suggests a covalent binding of the

This journal is © The Royal Society of Chemistry 20xx
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complex in the crystal (Fig. 1c). This assumption was confirmed by a
control experiment with [(tpy)(5-NH2-phen)RuCl]* (NH,-Ru-Cl with 5-
NHz-phen, 5-amino-1,10-phenanthroline) complex. This complex
which does not near any anchoring function is indeed entirely
eliminated during washing resulting in colorless crystals. This result
also suggests that substitution of the chloro ligand by suitable
ruthenium ligands, such as the amino group of lysine and arginine or
imidazole group of histidine, does not occur in such conditions.
Unfortunately, X-Ray diffraction of the resulting material did not
allow to observe any ruthenium complex within the structure (Table
S1, ESIT). Indeed, no positive residual electron density that could
correspond either to Cys84 or to the complex was able to be
observed in the Fo-Fc electron density map. The last residues of the
structure are poorly defined in the 2FoFc electron density map.
These observations suggest that the complex is either bound to a
flexible part of the protein preventing its observation in the electron
density map or is released by radiation damage after a possible X-ray
induced cleavage of the C-S bond.*%4! X-ray diffraction structure
would have provided important information about the selectivity of
the grafting and the localization of the complex. Hence, without such
information, alternative approaches to characterize the bio-hybrid
material were used.

Selectivity and efficiency of the grafting

We first investigated the efficiency and the selectivity of the binding.
LEAFYgsac crystals were soaked in the presence of different
concentrations of IA-Ru-Cl and the amount of grafted ruthenium was
quantified by inductively coupled plasma mass spectrometry (ICP-
MS) after different incubation times (Fig. 2). It was observed that
with the initial conditions (14 equiv. of complex, overnight) about a
two-fold excess of ruthenium complex was anchored indicating the
existence of an additional non-specific binding. This was confirmed
by the fact that about 1 equivalent of complex per monomer was
grafted in LEAFY WT soaked in the same condition, since no cysteine
residue is present in this case (Fig. S3, ESIT).

2,5

20 21

15

=}

1,

11

0,5 14.20 equiv.

7.10 equiv.
0.6 3.55 equiv.
1.77 equiv.

48

Time (hrs)
Fig. 2. Ratio of grafted complex (determined by ICP-MS) per monomer of
LEAFYkssc unit according to the number of IA-Ru-Cl complex equivalents
added and the soaking time.

However, liquid chromatography mass spectrometry analysis (LC-
MS) of the LEAFYksac bio-hybrid material after crystal dissolution in
the presence of 5% formic acid and sonication for 1h, showed a
unique peptide modified by a single molecule of the complex (Fig. S4,

This journal is © The Royal Society of Chemistry 20xx
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ESIT). Its isotopic pattern shows three peaks at m/z, 43355.7Q%
13374.69 and 13396.70 corresponding to thérafte dComplakWRebe
the chloro ligand was lost (named Ru < LEAFYksac) or replaced by
either a water molecule (Ru-OH, — LEAFYgsc) or acetonitrile (Ru-
CH3CN < LEAFYgsac) coming from the elution solvent respectively.
Moreover, the absence of any trace of non-grafted protein allows us
to assess the effectiveness of the grafting. Unexpectedly no peak
corresponding to a peptide bearing two grafted complexes could be
detected. The same experiment was carried out with the WT hybrid,
however, the obtained spectrum was identical to that of the protein
alone (data not shown). These results indicates that the interaction
of the non-specific complex does not resist the acidic conditions
required to solubilize both hybrids. Finally, when the reactivity
toward IA-Ru-Cl of LEAFY WT and LEAFYksac both in solution were
compared, only the grafting of the latter bearing a cysteine residue
was achieved as observed by LC-MS (Fig. S4 and S5, ESIt). This result
unambiguously shows the high selectivity of the grafting once the
mutant protein is in solution contrary to what is observed in the
crystals. Unfortunately, despite more than 900 conditions tested (at
the htxlab platform at the European Molecular Biology Laboratory-
Grenoble), we were unable to obtain crystals of the functionalized
protein after modification in the liquid state for XRD analysis.

Competitive reactions with other amino-acids, mainly lysine
residues, are known. However, this inconvenient can be avoided
using chloroacetamide derivative (CIA).*2However, albeit the kinetic
proved to be slower as expected, a persistent coloration was also
observed when CIA-Ru-Cl was soaked with LEAFY WT, in which no
cysteine is present (Fig. S6, ESIt). This result indicates that the
specific grafting of a complex on the unique cysteine residue of
LEAFYygac is unmanageable, since part of concomitant non-specific
binding always occurs. Nevertheless, this output provides important
information concerning the type of grafting of the second complex
within LEAFYsac. Indeed, we have shown that strength electrostatic
interactions alone are not sufficient to retain the complex within the
crystal since NH,-Ru-Cl is eliminated during washing. At this stage of
the study, two hypotheses can be proposed. First of all, alkylation of
another amino acid (i.e. histidine, lysine, methionine, aspartate or
glutamate) cannot be entirely ruled out as it is known that the
iodoacetamide function, albeit selective of cysteine, is not specific
for this residue.*3-%5 However, in such a case, the interaction would
be so fragile that it would not withstand the acidic conditions needed
to solubilize the crystal. Alternatively, it cannot to be excluded that
grafting of the first complex allows the binding of the second via, for
example, m—7 interactions between the two complexes.

Enzymatic digestion and LC-MS analysis

In order to further characterize the hybrid, enzymatic digestion was
then investigated using Arg-C, an endoprotease that hydrolyzes
peptide bonds at the carboxyl side of arginyl residues. ArgC digestion
of the bio-hybrid protein showed that only the cysteine-containing
peptide CKLDLFVDVDGKR was modified. Unexpectedly, LC-MS
analysis of this modified peptide reveals two distinctive peaks at
different retention times but with the same m/z of 424.18 (z=5) and
similar MS/MS fragmentation (Fig. S7, ESIT). This result is consistent
with the grafting of the two stereoisomers of the complex within the
protein. MS/MS of this peptide unambiguously confirmed the

J. Name., 2013, 00, 1-3 | 3
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selective binding of the complex to the unique cysteine residue, as
depicted in Figure 3. Indeed, while doubly-charged fragments b(2)
and b(3) indicate the presence of the Ru(ll) complex, fragment y(12)
is composed of all the amino acid residues with the exception of both
the cysteine and the complex. A similar spectrum was obtained with
the soluble modified protein.

T i
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NH,-
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Fig. 3. MS/MS spectrum of the peptide containing the complex after ArgC
digestion of Ru-OH. — LEAFYksac crystals identical to that obtained by ArgC
digestion of the soluble modified protein.

In cristallo UV-visible and Raman studies

In order to verify the integrity of the internalized complexes and to
obtain other important information concerning their mode of
interaction with the protein, the resulting bio-hybrid material issued
from LEAFYsac Was then characterized by UV-vis?*® and Raman*’
spectroscopies. UV-vis absorption measurements of IA-Ru-Cl alone in
acetone solution showed the expected spectrum with the typical
broad band at 510 nm corresponding to a Metal-to-Ligand-Charge-
Transfer (MLCT) (Fig. 4). Interestingly, this band was blue-shifted to
higher energy when the complex is grafted in the crystal (from 510
to 495 nm). This could correspond to the substitution of the chloro
ligand by a water molecule during the grafting process, resulting in
the formation of Ru-OH; — LEAFYkssc. Indeed, we showed that
addition of 95% of water in a DMSO solution of IA-Ru-Cl presents a
spectrum similar to that obtained with [(phen)(tpy)Ru-OH,]%*.48 It is
worth noting that such a substitution usually requires acidic
conditions or the presence of silver salt to assist in departure of the
chloride.*852, Moreover, the presence of the additional ruthenium
complex in the crystal could also explain the observed broadening of
the band.
! Ru-Cl

0.9
0.8
0.7
0.6

0.5

Absorbance

0.4

0.3

0.2

0.1

0

350 400 550 600 650 700

wavelenght (nm)
Fig. 4. Absorption spectra (a) of IA-Ru-Cl in acetone (80uM) ; (b) of IA-Ru-OH:
obtained from IA-Ru-Cl in a 95:5 H,0:DMSO mixture (80uM) ; (c) of LEAFYksac
crystals grafted with IA-Ru-Cl in a 1:2 acetone:H20 mixture ; (d) of LEAFYksac
crystals grafted with IA-Ru-OH: previously obtained from IA-Ru-Cl in a 98:2
H20:DMSO mixture.

4| J. Name., 2012, 00, 1-3

Then, as described in the method section*”>3 Raman,spectrRssary
measurements were performed on a powd¥r!'gf NH2RUER008R3E
crystal of native LEAFYksac, as well as on the biomaterials Ru-1°0H; —
LEAFYksac and Ru-180H; < LEAFYksac formed in a solution containing
H,1%0 and H,!80 respectively. When using an excitation source near
the maximum absorption of the MLCT (514 nm) the fluorescence re-
emitted by samples were observed to be unmanageable and
prevented measuring Raman data at the resonance. Hence, a near-
infrared excitation source (785 nm, 50 mW) was chosen to reduce
this massive fluorescence.

Overall inspection of the raw data showed that Raman spectrum of
the NH2-Ru-Cl powder (Fig. S8-A, ESIT) displays relatively strong
peaks probably due to a pre-resonance effect, since the 785nm
excitation line is still situated in the far low energy tail of the
absorption spectrum of the complex. The Raman spectrum of native
LEAFYksac crystal (Fig. S8-C, ESIt) exhibits very weak peaks severely
obscured by strong fluorescence, while contrarily the spectrum of
Ru-10H; — LEAFYsac crystal (Fig. S8-B, ESIT) reveals a more balanced
intensity ratio between Raman peaks and fluorescence.

Interestingly, the comparison of these three spectra allowed to infer
that, for the Ru-OH, < LEAFYygac crystal, the enhancement of the
Raman signal from vibrations of protein LEAFYgssc only is likely
induced by its grafted pre-resonant complex. This observation
allowed to propose the use of exogenous complexes as a possible
method to enhance Raman signals in different proteins crystals.
Indeed numerous native proteins crystals exhibit weak Raman
signals often hidden by luminescence/fluorescence. The whole
Raman spectra of these hybrids crystals would reveal exalted peaks,
but this assumes being capable of discriminating Raman-bands of the
proteins from those of the complexes that could be convoluted.

The Figure S9 (ESIT) shows the Raman spectra after fluorescence
background corrections and a qualitative rescaling based on
strongest peaks to make the comparison possible. Unexpectedly, the
corrected spectrum of native LEAFYgsac crystal (Fig. S9-C, ESIT)
appears to be qualitatively exploitable. This spectrum is
contaminated by a huge peak of the vibration v(SO4) of ammonium
sulfate used for crystallization, while this band appears to be strongly
reduced for the hybrid Ru-OH, — LEAFYsac crystals which were back-
soaked (Fig. S9-B, ESIT). In both spectra, the vibrational peaks at 1650
and 1340 nm are obviously attributed to the Amides bands | and IlI
respectively, the values of which confirm that LEAFYkgac secondary
structure is indeed dominated by a-helices.

The whole Raman spectra (300-1700 cm1) can be roughly subdivided
in 3 regions: (i) A low frequencies sector that comprises vibrations of
metal-ligand bonds (300-500 cm™1, Fig. 5-1), (ii) an intermediate sector
that contains vibrations of single-bonds between C, N, 0, S atoms
(500-1000 cm, Fig. 5-11) and (iii) the high frequencies sector that
covers the heterocycle bounds vibrations of pyridine derivatives
(1000-1700 cm, Fig. 5-1ll and 1V).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. Raman spectra of pure NH,-Ru-Cl powder (A in red), the protein native
LEAFYksac (C in black) and the hybrid Ru-*0OH, < LEAFYksac (B in blue) and Ru-
180H,; < LEAFYksac (B’ in cyan) crystals. Spectral region 300-1700 cm™ is
subdivided in 3 sectors: the low frequencies region (I), the intermediate
region (Il), and the high frequencies region (Il and IV). The main vibration
peaks are labelled from 1 to 12 and are attributed in table S2. The green
dashed curve is the simple addition of NH>-Ru-Cl and native LEAFYksac Raman
spectra, which serves as a qualitative guide for the eyes for the comparison
with Ru-1*0H; < LEAFYksac.

The possible peak assignments, listed in table S2 (ESIT), were based
on experimental and computational spectroscopic studies on
ruthenium polypyridinyl complexes, and pyridine derivatives either
free or metal-complexed.*® 5355 |n the low-frequency zone, we first
observed a vibration mode at 312 cm™ in the pure complex spectrum
(peak-1 in Fig. 5-1-A) that is strictly absent in those of the hybrid
crystals (Fig. 5-1-B and B’). On the contrary, we observed broad peaks
3ab in the sector 410-430cm? exclusively for the hybrid crystals,
which undergo a shift of 20cm™ upon H;1®0/H,'80 isotopic
substitution (Fig. 5-1-B and B’). Therefore, as assumed in the above
UV-visible studies, this result confirms the substitution of the chloro
ligand by a water molecule during the grafting process, since peak 1
is attributed to the vibration of Ru-Cl bond>® while peak 3 to Ru-
OH,.>7 Bands 2abc are assigned to stretching vibrations of the
remaining Ru-N metal-ligand bonds, and peak 2c that shifts by 5 cm-
1 upon complex-protein hybridation is attributed to the
phenanthroline ligand.>® Most importantly, in the intermediate zone
(Fig. 5-ll), apart bands 5ab that are attributed to collective
deformations motions of heterocycles, we clearly identified a broad
region 750-780 cm* with the dominant peak 6 pointing at 770 cm™!
in the hybrid spectrum (Fig. 5-11-B). This peak, which is rigorously
absent in the both spectra of the pure complex and the native
protein crystals (Fig. 5-1I-A and C), corresponds to the stretching
vibration of a newly formed “C-S” bond,>%1 and constitutes the
spectroscopic evidence for the selective covalent grafting of the
complex to the cysteine residue. The high frequencies zone (Fig. 5-llI
and V) contains the strongest “pre-resonant” Raman bands typical
of stretching vibration of bonds internal to phenanthroline and
terpyridine heterocycles. We observed that stretching modes
intensities of single and hybrid bonds (peaks 8 and 9 at around 1000
and 1300 cm™ respectively which are the prominent bands in the free
complex-Fig. S9) are strongly reduced in the complex-protein hybrid

This journal is © The Royal Society of Chemistry 20xx
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as compare to the intensity of the double bonds (peaks,11ab,at 4463
and 1598 cm respectively) that are B&¥s1CFfSerEdNPO26RE
complexation. We speculate that the strong reduction of pre-
resonance for the hybrids could stem from either a -t interaction
between an heterocyclic ligand of the anchored complex grafted to
protein and another one of the second complex, or a - interaction
between the non-specific complex and an aromatic amino acid.®?

Location of the non-specific grafted complex

Undeniably, it is clear that the cysteine is necessary for the grafting
of a first complex as observed on LEAFYssc either in the crystal or in
solution. Furthermore, since the WT protein in solution was unable
to bind any complex (Fig. S5, ESIT), these results show that both
crystalline structures allows the internalization of a non-specific
complex and implies particularly weak interactions that does not
resist the acidic conditions required for the dissolution of the hybrid
crystals. It has been reported that the reactivity of amino acids
toward alkylating reagent such as iodoacedamide is ranked as follow
Cysteine (SH)> N-terminus (NHy)>Glutamic acid (CO,H) >C-
terminus=lysine(NH,)>aspartic acid (CO,H) >tyrosine (OH)>histidine
(imidazole).53 A closer look at the LEAFY structure reveals that, in
addition to all the residues that compose the C-ter tail oriented in the
solvent channel, both the amino group of the N-terminus glycine and
carboxylate groups of some glutamic acids seem accessible to the
complex (Fig. S10, ESIT); the unique histidine is located in the wall of
the tube and therefore inaccessible to the complex. However as the
non-specific grafted complex is released during acidic dissolution of
both Ru — LEAFY K84C and Ru — LEAFY WT hybrids, N-alkylation of
the N-terminus glycine, lysine or histidine residues is excluded since
it would lead to the formation of alkylated amines reputed to be
particularly stable (Fig. S11, ESIt). On the other hand, without being
able to totally exclude the intervention of a m—mn stacking type
interaction with aromatic amino acids such as the phenylalanine
(F89) located in the side chain, O-alkylation of a glutamic acid located
either in the side chain (E80, E82, E100) or at the inner surface of the
tube can be privileged. In that case, the alkylation leads to the
formation of an ester, function known to be hydrolysable in aqueous
acid conditions (Fig. S11, ESIt).

Stability of the bio-hybrid material

Finally, it was observed that introducing the complex results in an
notable increase in stability of both the crystals as well as the grafted
complex. In order to determine whether the observed crystal
stability is due to the introduction of the cysteine or of the complex,
a comparative stability study was carried out on LEAFY WT, Ru
LEAFY WT and Ru-OH; c LEAFYksac (bearing O, 1 (Fig. S3, ESIT) and 2
complexes per monomer respectively), in acidic conditions. It was
observed that, while a few minute suffice to dissolve LEAFYkssc in a
0.05% formic acid solution, 0.5% is required to dissolve Ru c LEAFY
WT, and a much higher concentration (5%) followed by at least 1h of
sonication is needed to solubilize Ru-OH, < LEAFYgac. (Fig. S12, ESIT).
These results clearly show the correlation between stability and the
number of grafted ruthenium complexes. The impressive stability of
the modified Ru — LEAFY WT and Ru-OH; < LEAFYggac bio-hybrid
materials was also observed in various organic solvents such as
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acetone, acetonitrile, dimethylformamide and dimethylsulfoxide
(DMSO) (Fig. S12, ESIT). Even irradiation of the bio-hybrid material
for 2 days with a blue led light (455 nm), or during several months
with daylight, in either water, acetonitrile or DMSO, did not cause
any change in the appearance or color of the crystal.t*% In
comparison, blue light irradiation for 48h of the complex alone in a
1:1 mixture of CH3CN-DMSO solution resulted in the total
photosubstitution of at least, the chloro ligand and/or the
phenanthroline by either acetonitrile or DMSO molecules (Fig. S13,
ESIT).57 We may hypothesize that the observed stability of both the
crystal and the complex is a consequence of combination of covalent
and m-stacking interactions between the complexes and the protein.
It is worth noting that this extremely high robustness is a property of
importance for the development of stable crystalline artificial
metalloenzymes, since usually protein crystals reveal a strong natural
inherent fragility and thus need to be further stabilized by cross-
linking strategy in order to serve in chemical applications.5870

Conclusions

This research reports the full characterization of a bio-hybrid
material obtained by bioconjugation of a ruthenium complex
within the porous LEAFY protein crystal. This was achieved by
using combined approaches mainly UV-visible and Raman
spectroscopies performed directly on the crystals coupled to
enzymatic digestion and subsequent LC-MS analysis of the
resulting fragments. The resulting material demonstrates a
noteworthy increase in stability in both organic and aqueous
media without the need of further cross-linking strategies.
Remarkably since the various mutations achieved on the inner
side chain do not affect the honeycomb structure of the
crystal,”*  this works opens an interesting path to the
elaboration of solid porous bio-hybrid materials using the easy
handling LEAFY protein crystal as a modular platform
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