
HAL Id: hal-03225550
https://hal.science/hal-03225550

Submitted on 7 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution| 4.0 International License

LEAFY protein crystals with a honeycomb structure as
a platform for selective preparation of outstanding

stable bio-hybrid materials
Lucile Chiari, Philippe Carpentier, Sylvie Kieffer-Jaquinod, Alice Gogny,

Julien Pérard, Stéphane Ravanel, David Cobessi, Stéphane Ménage, Renaud
Dumas, Olivier Hamelin

To cite this version:
Lucile Chiari, Philippe Carpentier, Sylvie Kieffer-Jaquinod, Alice Gogny, Julien Pérard, et al.. LEAFY
protein crystals with a honeycomb structure as a platform for selective preparation of outstanding
stable bio-hybrid materials. Nanoscale, 2021, 13 (19), pp.8901-8908. �10.1039/d1nr00268f�. �hal-
03225550�

https://hal.science/hal-03225550
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


rsc.li/nanoscale

 Nanoscale

rsc.li/nanoscale

ISSN 2040-3372

PAPER
Shuping Xu, Chongyang Liang et al.   
Organelle-targeting surface-enhanced Raman scattering 
(SERS) nanosensors for subcellular pH sensing 

Volume 10
Number 4
28 January 2018
Pages 1549-2172

 Nanoscale

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  L. Chiari, P.

Carpentier, S. kieffer-jaquinod, A. Gogny, J. Perard, S. Ravanel, D. Cobessi, S. Menage, R. Dumas and O.

Hamelin, Nanoscale, 2021, DOI: 10.1039/D1NR00268F.

http://rsc.li/nanoscale
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d1nr00268f
https://pubs.rsc.org/en/journals/journal/NR
http://crossmark.crossref.org/dialog/?doi=10.1039/D1NR00268F&domain=pdf&date_stamp=2021-04-16


  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

 

LEAFY protein crystals with a honeycomb structure as platform for 
selective preparation of outstanding stable bio-hybrid materials  

Lucile Chiari, a  Philippe Carpentier, a, b  Sylvie Kieffer-Jaquinod, c  Alice Gogny, a Julien Perard, a  
Stéphane  Ravanel, d  David Cobessi, e Stéphane Ménage, a  Renaud Dumas, * d  Olivier Hamelin*a 

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.1 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 

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. 

9-25 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.26  

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 

a. Univ. Grenoble Alpes, CEA, CNRS, IRIG-LCBM, UMR5249, 38000, Grenoble, France. 
E-mail: olivier.hamelin@cea.fr. 

b. ESRF, the European Synchrotron, 71 Avenue des Martyrs, 38000 Grenoble 
c. Univ. Grenoble Alpes, CEA, INSERM, Biosanté 1292, 38000 Grenoble, France. 
d. Univ. Grenoble Alpes, CEA, CNRS, INRAE, IRIG-DBSCI-LPCV 38000, Grenoble, 

France. 
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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.27  The LEAFY protein is a transcription factor involved in plant 

meristem division and differentiation.28 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).27  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; 29 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 

(RAEKRRLDELERK84KLDLFVDVDGKRKADENALDTLSQA) 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).  

 

 

 

 

 

 

 

 

 

 

 

 

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 LEAFYK84C 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) 

(LEAFYK84C) 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. π-stacking, 

electrostatic interactions). Using a crystallization buffer containing 

Tris-HCl (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 112.10-12 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]2+-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 RuCl3 in 3 steps (Fig. S2, 

ESI†) and functionalized with a iodoacetamide function (IA) known 

to be selective of cysteine residues38,39 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 
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complex in the crystal (Fig. 1c). This assumption was confirmed by a 

control experiment with [(tpy)(5-NH2-phen)RuCl]+ (NH2-Ru-Cl with 5-

NH2-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, ESI†). 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.40,41 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. 

LEAFYK84C 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, ESI†). 

 

Fig. 2. Ratio of grafted complex (determined by ICP-MS) per monomer of 
LEAFYK84C 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 LEAFYK84C 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, 

ESI†). Its isotopic pattern shows three peaks at m/z 13355.70, 

13374.69 and 13396.70 corresponding to the grafted complex where 

the chloro ligand was lost (named Ru  LEAFYK84C) or replaced by 

either a water molecule (Ru-OH2  LEAFYK84C) or acetonitrile (Ru-

CH3CN  LEAFYK84C) 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 LEAFYK84C 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, ESI†). 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 (ClA).42 However, albeit the kinetic 

proved to be slower as expected, a persistent coloration was also 

observed when ClA-Ru-Cl was soaked with LEAFY WT, in which no 

cysteine is present (Fig. S6, ESI†). This result indicates that the 

specific grafting of a complex on the unique cysteine residue of 

LEAFYK84C 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 LEAFYK84C. Indeed, we have shown that strength electrostatic 

interactions alone are not sufficient to retain the complex within the 

crystal since NH2-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.43-45 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,  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, ESI†). 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 
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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(II) 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. 

Fig. 3. MS/MS spectrum of the peptide containing the complex after ArgC 

digestion of Ru-OH2  LEAFYK84C 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 LEAFYK84C was then characterized by UV-vis46 and Raman47 

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-OH2  LEAFYK84C. 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-OH2]2+.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.48-52. Moreover, the presence of the additional ruthenium 

complex in the crystal could also explain the observed broadening of 

the band. 

Fig. 4. Absorption spectra (a) of IA-Ru-Cl in acetone (80M) ; (b) of IA-Ru-OH2 

obtained from IA-Ru-Cl in a 95:5 H2O:DMSO mixture (80M) ; (c) of LEAFYK84C 
crystals  grafted with IA-Ru-Cl in a 1:2 acetone:H2O mixture ; (d) of LEAFYK84C 
crystals  grafted with IA-Ru-OH2 previously obtained from IA-Ru-Cl in a 98:2 
H2O:DMSO mixture. 

Then, as described in the method section47,53 Raman spectroscopy 

measurements were performed on a powder of NH2-Ru-Cl,  on a 

crystal of native LEAFYK84C, as well as on the biomaterials Ru-16OH2  

LEAFYK84C and Ru-18OH2  LEAFYK84C  formed in a solution containing 

H2
16O and H2

18O 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, ESI†) 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 

LEAFYK84C crystal (Fig. S8-C, ESI†) exhibits very weak peaks severely 

obscured by strong fluorescence, while contrarily the spectrum of 

Ru-16OH2  LEAFYK84C crystal (Fig. S8-B, ESI†) 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-OH2  LEAFYK84C crystal, the enhancement of the 

Raman signal from vibrations of protein LEAFYK84C 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 (ESI†) 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 LEAFYK84C crystal (Fig. S9-C, ESI†) 

appears to be qualitatively exploitable. This spectrum is 

contaminated by a huge peak of the vibration (SO4) of ammonium 

sulfate used for crystallization, while this band appears to be strongly 

reduced for the hybrid Ru-OH2  LEAFYK84C crystals which were back-

soaked (Fig. S9-B, ESI†). In both spectra, the vibrational peaks at 1650 

and 1340 nm are obviously attributed to the Amides bands I and III 

respectively, the values of which confirm that LEAFYK84C secondary 

structure is indeed dominated by α-helices.    

The whole Raman spectra (300-1700 cm-1) 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-I), (ii) an intermediate sector 

that contains vibrations of single-bonds between C, N, 0, S atoms 

(500-1000 cm-1, Fig. 5-II) and (iii) the high frequencies sector that 

covers the heterocycle bounds vibrations of pyridine derivatives 

(1000-1700 cm-1, Fig. 5-III and IV).   
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Fig. 5. Raman spectra of pure NH2-Ru-Cl powder (A in red), the protein native 

LEAFYK84C (C in black) and the hybrid Ru-16OH2  LEAFYK84C (B in blue) and Ru-
18OH2  LEAFYK84C (B’ in cyan) crystals. Spectral region 300-1700 cm-1 is 
subdivided in 3 sectors: the low frequencies region (I), the intermediate 
region (II), and the high frequencies region (III 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 NH2-Ru-Cl and native LEAFYK84C Raman 
spectra, which serves as a qualitative guide for the eyes for the comparison 

with Ru-16OH2  LEAFYK84C. 

The possible peak assignments, listed in table S2 (ESI†), were based 

on experimental and computational spectroscopic studies on 

ruthenium polypyridinyl complexes, and pyridine derivatives either 

free or metal-complexed.46, 53-55 In the low-frequency zone, we first 

observed a vibration mode at 312 cm-1 in the pure complex spectrum 

(peak-1 in Fig. 5-I-A) that is strictly absent in those of the hybrid 

crystals (Fig. 5-I-B and B’). On the contrary, we observed broad peaks 

3ab in the sector 410-430cm-1 exclusively for the hybrid crystals, 

which undergo a shift of 20cm-1 upon H2
16O/H2

180 isotopic 

substitution (Fig. 5-I-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 bond56 while peak 3 to Ru-

OH2.57 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.58 Most importantly, in the intermediate zone 

(Fig. 5-II), apart bands 5ab that are attributed to collective 

deformations motions of heterocycles, we clearly identified a broad 

region 750-780 cm-1 with the dominant peak 6 pointing at 770 cm-1 

in the hybrid spectrum (Fig. 5-II-B). This peak, which is rigorously 

absent in the both spectra of the pure complex and the native 

protein crystals (Fig. 5-II-A and C), corresponds to the stretching 

vibration of a newly formed “C-S” bond,59-61 and constitutes the 

spectroscopic evidence for the selective covalent grafting of the 

complex to the cysteine residue. The high frequencies zone (Fig. 5-III 

and IV) 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-1 respectively which are the prominent bands in the free 

complex-Fig. S9) are strongly reduced in the complex-protein hybrid 

as compare to the intensity of the double bonds (peaks 11ab, at 1463 

and 1598 cm-1 respectively) that are less affected by the 

complexation. We speculate that the strong reduction of pre-

resonance for the hybrids could stem from either a π-π interaction 

between an heterocyclic ligand of the anchored complex grafted to 

protein and another one of the second complex, or a π-π interaction 

between the non-specific complex and an aromatic  amino acid.62  

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 LEAFYK84C either in the crystal or in 

solution. Furthermore, since the WT protein in solution was unable 

to bind any complex (Fig. S5, ESI†), 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 (NH2)>Glutamic acid (CO2H) >C-

terminus=lysine(NH2)>aspartic acid (CO2H) >tyrosine (OH)>histidine 

(imidazole).63 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, ESI†); 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, ESI†). On the other hand, without being 

able to totally exclude the intervention of a  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, ESI†).  

 

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-OH2  LEAFYK84C (bearing 0, 1 (Fig. S3, ESI†) and 2 

complexes per monomer respectively), in acidic conditions. It was 

observed that, while a few minute suffice to dissolve LEAFYK84C in a 

0.05% formic acid solution, 0.5% is required to dissolve Ru  LEAFY 

WT, and a much higher concentration (5%) followed by at least 1h of 

sonication is needed to solubilize Ru-OH2  LEAFYK84C. (Fig. S12, ESI†). 

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-OH2  LEAFYK84C bio-hybrid 

materials was also observed in various organic solvents such as 
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acetone, acetonitrile, dimethylformamide and dimethylsulfoxide 

(DMSO) (Fig. S12, ESI†). 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.64-66  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, 

ESI†).67 We may hypothesize that the observed stability of both the 

crystal and the complex is a consequence of combination of covalent 

and π-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.68-70 

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,71  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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