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a b s t r a c t

Metal coordination bonds are employed in protein based biological materials such as the mussel byssus
as reversible sacrificial bonds to achieve autonomic and intrinsic self-healing behavior. In the present
study, histidine residues capable of forming coordination bonds were recombinantly engineered into the
consensus sequence of resilin, an insect protein that forms a rubbery and resilient biopolymeric network.
The purified recombinant resilin mutant, AnG_2His16, was photo cross-linked to form thin films that
exhibited a 30-fold increase in modulus compared with wild-type resilin sequences. Addition of Zn2þ

ions to the mutant resilin films, led to a further increase in stiffness, which, according to Raman spec-
troscopic studies, arises from His-metal coordination cross-links. These findings show the potential for
tuning mechanics and self-healing behavior in biopolymers using bio-engineered metal-binding sites.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Autonomic and intrinsic self-healing is a defining property of
many biological materials, making them an appealing role model
for the development of artificial self-healing materials [1]. While
the mending of bone and healing of wounds have provided inspi-
ration in the design of self-healing microencapsulated or vascular
composites [1e3], metabolically-dependent biological healing
processes are incredibly complex at the molecular level, making
them somewhat unsuitable as inspiration for the development of
self-healing polymers. However, there are also examples of protein-
based biological materials that exhibit self-healing properties in the
absence of cellular activity. Mechanical properties of proteinaceous
biological materials arise as a result of their hierarchical structuree
beginning with primary amino acid sequence and secondary
structure of the polypeptide chain and ending with multi-scale
organization of building blocks and cross-linking strategies [4]. In
particular, sacrificial bonding is a biological cross-linking strategy
that provides a means of toughening materials, but also provides
the potential for material healing if the sacrificial bond is reversible
(i.e. can reform once ruptured) [5]. In the context of biological
materials, sacrificial bonding refers to non-covalent cross-links
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embedded in a covalently cross-linked biopolymeric network that
rupture before the covalent network; thus, preserving the integrity
of the material. In protein-based materials, sacrificial bonds can be
hydrogen bonds as in the case of the whelk egg capsule [6], elec-
trostatic bonds as in the case of specific bone associated proteins
[7], and as will be discussed in this work, metal coordination bonds
as in the case of mussel byssal threads [8].

Metal-coordination bonding is a cross-linking strategy found in
a variety of biological materials, which is used to achieve various
functionalities due to its combination of high stability and high
lability [5]. For example, depending on the intended function of the
material, metal fortification is tuned to contribute to hardness,
abrasion resistance, adhesive and cohesive properties, as well as to
self-healing [5]. Self-healing behavior in such systems is proposed
to result from the reversible nature of such bonds. The fact that
protein-metal bonds have been shown to exhibit breaking forces
half those of covalent bonds [9] makes them even more appealing
as reversible cross-links when compared to weaker hydrogen
bonds. Metal-dependent self-healing behavior was first proposed
in byssal threads of marine mussels [10,11], which serve as
attachment fibers for the organism against crashing waves. When
byssal threads are stretched beyond their yield point, they are able
to dissipate mechanical energy via a large mechanical hysteresis
(~70%) during cyclic loading [10]. During subsequent loading cycles,
however, the stiffness and energy dissipated are reduced to ~30% of
native values. Over time the threads recover their initial properties
(i.e. self-heal) [10,12]. This recovery process is proposed to be a
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result of restoration of metal-protein bonds coordinated by
histidine-rich (His-rich) domains within the primary protein
component in the thread [11e14]. Recent studies on peptides based
onmussel His-rich protein domains demonstrated the tendency for
forming intermolecular His-metal cross-links and highlighted the
potential for using such bonds to reinforce biopolymeric networks
[15]. Based on these and similar observations on the role of DOPA-
metal cross-links in the byssus cuticle [16], synthetic polymers have
been produced that incorporate similar metal cross-links, but
presently, the extent and range of mechanical behaviors achieved
by such systems do not approach those of natural materials
[17e20]. This may partly arise from an incomplete understanding
of the structure-property relationships that define the biological
material (e.g. role of protein sequence, conformation and structural
hierarchy).

The aim of the present study is to explore the mechanical in-
fluences of the presence of His residues and His-metal coordina-
tion bonds in a purely elastic protein-based material.
Bioengineering of recombinant biopolymeric proteins provides a
convenient platform for this purpose, because protein sequence
can be controlled with high precision. Resilin is a rubbery protein
found in insect flight and jumping systems that forms a random-
network polymer cross-linked chemically through tyrosine (Tyr)
residues, generating di- and triTyr linkages [21,22]. Previously,
Elvin and co-workers successfully expressed a recombinant resilin
Fig. 1. Schematic of experimental approach. (A) Schematic representation of the rationale be
contains no metal-binding residues. Upon photochemical cross-linking of WT X-link, cov
proteinaceous network. Introduction of histidine residues (blue pentagons) into the sequ
Sequence of the wild type protein (AnG_WT) and two different mutant proteins (AnG_mut
construct based on resilin domains from Anopheles gambiae and
Drosophila melanogaster and subsequently produced a bulk mate-
rial via photo-induced and enzymatic cross-linking of Tyr with
mechanical properties comparable to the original resilin proteins
[23,24]. Since then, cross-linked recombinant resilin biopolymers
with specific consensus sequences from a range of insect species,
as well as intentionally modified sequences, have been used to
study various questions regarding protein-based materials. In
contrast to the energy-dissipating behavior of the byssus, the less
stiff resilin-based materials show high resilience over numerous
cycles, which arises from an intricate interplay between swelling
and cross-link density [25,26]. Thus, based on the proposed role of
His-metal bonds in enhancing byssus mechanics, we hypothesize
that resilin mechanical behavior can be tuned by recombinant
introduction of metal-binding residues into the consensus
sequence, resulting in the introduction of strong and reversible
cross-links (Fig. 1).

In the present study, consensus sequence from mosquito (A.
gambiae) resilin protein was selected as the experimental model
system. Recombinant resilin-derived proteins were designed to
contain 16 identical 11-mer peptide repeats, in which two amino
acids per repeat were substituted by His residues. After gene design
and construction, a protocol for protein purification and cross-
linking was developed, resulting in the production of thin films.
Cross-linked films were further analyzed for their mechanical
hind the experimental design. Wild-type (WT) recombinant resilin protein (green lines)
alent bonds between tyrosine residues (black lines) are formed producing an elastic
ence allows additional level of cross-linking via metal coordination (red circles). (B)
2 and AnG_2His16) that were designed.
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properties in the presence and absence of metal ions. The current
findings demonstrate that by the substitution of only two residues
per repeat domain, the stiffness of the material was increased
thirty-fold relative to the wild type and was further increased upon
addition of Zn2þ ions. Raman spectroscopy revealed several
possible contributing factors to the increased stiffness, including
His-based metal coordination and binuclear metal bridging. These
findings highlight the potential for the recombinant production of
mechanically tunable and self-healing biopolymers for use in
various biomedical and technological applications.
2. Materials and Methods

2.1. Design of 2His16 mutant protein

Wild-type (AnG_WT) and mutated (AnG_2His16) recombinant
proteins were based on the resilin consensus sequence from A.
gambiae (AQTPSSQYGAP). A previously described recursive method
for doubling of consensus motifs was used to produce the desired
protein constructs [24]. The final proteins (both AnG_WT and
AnG_2His16) consist of 16 identical repeats of the eleven-residue
consensus sequence. The complimentary oligonucleotides (Sigma-
eAldrich, St. Louis, MO) described in Table 1 correspond to one
repeat of the consensus sequence, which through annealing
created overhang ends of EcoRI (50 end) and HindIII (30 end). The
oligonucleotides were diluted in annealing buffer (10 mM TriseHCl
buffer, pH 8.0, 1 mM EDTA, 50 mM NaCl) to concentration of
100 mM. 5 ml of each of the oligos was denaturated at 95 �C, then
mixed in equimolar concentrations and incubated at 95 �C inwater
bath for 10 min. The mixtures were then allowed to slowly cool for
over 2 h to room temperature. pET22-Nde was digested with EcoRI
and HindIII and the annealed primers were ligated into the digested
vector. Vectors containing the annealed primers were then trans-
formed into E. coli XL1 Blue. These vectors were termed pED-
AnG_WT1 and pED-AnG_2His1. Taking advantage of the EcoRI,
SmaI and SnaBI restriction sites, the constructs were multiplied to
result in 16 consecutive repeats of the consensus sequence (as
described in Ref. [24]) to give pED-AnG_WT and pED-AnG_2His16
plasmids. All sequences were verified by sequencing.
2.2. Protein expression

For protein expression, the plasmids were transformed into
E. coli BL21pLysS expression strain (Invitrogen, Carlsbad, CA). The
recombinant proteins were expressed via auto induction method
described previously [27]. Bacteria containing appropriate con-
structs were cultured overnight in 3 ml of LB medium (1% w/v
Table 1
Oligonucleotide sequences of primers used for creating pED-AnG_WT1 and pED-
AnG_2His1. Codons marked with red in AnG_WT are threonine and glutamine
that were exchanged to histidines in AnG_2His.

Oligo Sequence

AnG_WT Forward 50 - AATTCCCATACATATGCATCACCATC
ACCATCACCCCGGGGCACCGGCGCAAA
CCCCGTCTAGCCAGTACGTATAAGGTGATCA

AnG_WT Reverse 50 - AGCTTGATCACCTTATACGTACTGGCTA
GACGGGGTTTGCGCCGGTGCCCCGGGGTG
ATGGTGATGGTGATGCATATGTATGGG

AnG_2His Forward 50 - AATTCCCATACATATGCATCACCATCAC
CATCACCCCGGGGCACCGGCGCAACACCCGT
CTAGCCACTACGTATAAGGTGATCA

AnG_2His Reverse 50 - AGCTTGATCACCTTATACGTAGTGGCTA
GACGGGTGTTGCGCCGGTGCCCCGGGGTGA
TGGTGATGGTGATGCATATGTATGGG
tryptone from casein, 0.5% w/v yeast extract, 1% w/v NaCl) with
addition of 100 mg/ml of ampicillin in 37 �C with shaking in 15 ml
test tubes.1.6 ml of the overnight culturewas then inoculated into a
2 L Erlenmeyer flask containing 400ml of ZYP-5052medium (1%w/
v tryptone from casein, 0.5% w/v yeast extract, 25 mM (NH4)2SO4,
50 mM KH2PO4, 50 mM Na2HPO4, 0.5% w/v glycerol, 0.05% w/v
glucose, 0.2% w/v a-lactose, 1 mM MgSO4) with addition of 100 mg/
ml of ampicillin and 34 mg/ml of chloramphenicol. The protein
expression was allowed to proceed for at least 24 h at 37 �C. After
incubation, the cells were centrifuged at 6500 g at 4 �C for 20 min.
The pellet was stored at �80 �C.

2.3. Protein purification

Purification of AnG_WT was performed according to a previ-
ously described protocol [24]. As the final step, the protein was
either freeze-dried for 24 h, after which the sample could be stored
at room temperature. Alternatively, if the sample was not lyophi-
lized, it could be stored at 4 �C for up to 6 months. For purification
of AnG_2His16, a specific protocol was developed. The cell pellet
was thawed on ice (pellet from 1 L bacterial culture) and resus-
pended to homogeneity in 40e60 ml of lysis buffer (250 mM NaCl,
100 mM NaH2PO4, 10 mM Tris HCl, pH 7.2, 1% Triton X-100, 1 mM
PMSF). Cells were lysed on ice by ultrasonication (6� 30 s). The cell
suspension was then centrifuged at 50,000 g for 1 h at 4 �C. The
supernatant was incubated in a 50 �C water bath for 10 min, fol-
lowed by centrifugation at 12,000 g for 15 min at 20 �C. Urea was
added to the supernatant to obtain the final concentration of 8 M.
The pH was adjusted to 7.5, and the protein was purified on an NGC
Chromatography System (Bio-Rad) using a Ni2þ-preloaded 1 ml
HiTrap IMAC HP column (GE Healthcare). The column was pre-
equilibrated with 10 ml of pre-equilibration buffer (250 mM NaCl,
100 mM NaH2PO4, 10 mM Tris HCl, pH 7,2, 1% Triton X-100, 8 M
urea, pH 7.5). The crude extract was loaded into the column, and the
column was washed with pre-equilibration buffer with increasing
concentrations of imidazole as follows: i. 6 ml e 40 mM imidazole,
ii. 8 ml - 100 mM imidazole and iii. 7 ml e165 mM imidazole.
AnG_2His16 was eluted with 5 ml of elution buffer (250 mM NaCl,
100mMNaH2PO4,10mM Tris HCl, 8 M urea, 250mM imidazole, pH
7.5). The purity of the samples was assessed by SDS-PAGE. The
protein fractions were combined and dialyzed overnight against
0.1 M citrate buffer, pH 6.2 followed by 24 h dialysis against double
distilled water. Protein composition was verified by amino acid
analysis. To this end, proteins were separated onTris-Tricine gel and
transferred to PVDF membrane in the presence of 50 mM CAPS
buffer pH 10. The samples were then hydrolyzed for 24 h in the
solution containing 6 M HCl with 5% phenol in vacuum at 110 �C.
The amino acid composition of the samples was determined using a
post-column ninhydrin-based amino acid analyzer (Sykam S433,
Fürstenfeldbruck, Germany).

2.4. Photochemical cross-linking and sample preparation

Photochemical cross-linking was performed according to a
slightlymodified version of a previously published protocol [28,29].
Cross-linking reactions were carried out in a total volume of 20 ml.
The final protein concentration was around 1 mg/ml. The final
concentration of ruthenium(II) tris-bipyridyl chloride (Ru(bpy3)Cl2)
was 250 mM and the final concentration of ammonium persulfate
(APS)was 50mM. The sampleswere illuminated for 30 s by a 400W
broad white light lamp with a sample distance of 20 cm from the
light source. To follow the progress of cross-linking, aliquots of the
cross-linking solution were taken at various time-points and sepa-
rated on 12% SDS gel. For Raman and AFM measurements, protein
cross-linking was performed to form thin films on a glass slide. In
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this case, the cross-linking reactions were carried in a total volume
of 50 ml. The final protein concentrationwas around 10e50mg/mle
dependent on the sample. Afterward, 20 ml of cross-linked sample
was transferred to the glass slide and left to dry for 1 h in 37 �C. The
samples were washed 3 times with EDTA and then incubated in
DDW or PBS pH 7.2. To measure the effect of metal ions on me-
chanical performance, the dried protein films were extensively
washedwith 0.1MTriseHCl buffer of pH 5.1. The sampleswere then
incubated for at least 12 hwith Zn2þ ions in themolar ratio of 1:3 of
Zn ions to histidine residues. ZnCl2 solution was prepared to the
proper concentration in the 0.1MTriseHCl buffer of pH 8.1. After the
incubation time, extensive washing with 0.1 M TriseHCl buffer of
pH 8.1 was performed to remove unbound metal ions.

2.5. Mechanical testing (AFM)

Mechanical measurements were performed on a Nanowizard III
atomic force microsope (AFM) (JPK Instruments AG, Berlin, Ger-
many) in an open cell. The AFM head was mounted on an optical
microscope (IX71, Olympus, Japan) with phase contrast optics
(objective 63x/1.25 Oil Ph3, Antiflex EC “Plan-Neofluar,” Carl Zeiss
AG, Germany). To record spatially resolved height and modulus
data, the protein films were mapped by an array of AFM force-
distance measurements in a 1 mm2 large grid with 10�10 data
points with at least ~150 measurements for each sample. For this
purposewe used uncoated silicon cantilevers (CSC 12, Mikromasch,
Estonia) with a nominal spring constant of 0.03 N/m. The inden-
tation modulus was calculated from the elastic response of the
samples indented by an AFM tip using Hertz model for data fitting
[30]. Because the protein network obeys rubber elasticity, a Poisson
ratio of 0.5 was assumed. The measurements were performed at
constant force of 10 nN. The tip shape was assumed as paraboloid
with radius of 20 nm.

2.6. Raman spectroscopy

Raman spectroscopic measurements were performed to assess
potential biochemical and structural changes occurring in the
various samples. A continuous laser beam was focused down to a
micrometer-sized spot on the sample through a confocal Raman
microscope (CRM200, WITec, Ulm, Germany) equipped with a
piezo-scanner (P-500, Physik Instrumente, Karlsruhe, Germany).
The diode-pumped 785 nm near infrared (NIR) laser excitation
(Toptica Photonics AG, Graefelfing, Germany) was used in combi-
nation with a water immersed 60x (Nikon, NA ¼ 1.0) and a 20x
(Nikon, NA ¼ 0.4) microscope objective. The spectra were acquired
using a CCD (PI-MAX, Princeton Instruments Inc., Trenton, NJ, USA)
behind a grating (300 g mm�1) spectrograph (Acton, Princeton
Instruments Inc., Trenton, NJ, USA) with a spectral resolution of
approximately 6 cm�1. WiTec Project (v. 2.08, WITec, Ulm, Ger-
many) and OPUS7.0 (Brucker Optic GmbH, Germany) were used for
the experimental setup and spectral data processing, respectively.

3. Results and discussion

3.1. Experimental platform design

In the present study, resilin sequence engineering required a
rational approach as the goal was to introduce His residues into the
sequence without affecting the ability to express the protein or the
ability of the expressed protein to cross-link. Analysis of resilin
consensus sequences, previously used to produce recombinant
proteins for formation of cross-linked hydrogels, revealed no resi-
dues capable of coordinating metal ions [24]. In fact, analysis of the
evolutionary conserved sequences among at least ten different
species showed thatHis, aswell as other charged residues, are rarely
present, suggesting that these types of residues would alter the
functional integrity of the material [21]. Additionally, this sequence
analysis revealed that across different repeats certain residues were
more variable than others. Based on this initial survey, two proteins
(AnG_2His16 and AnG_mut2) were designed based on the resilin
consensus sequence from A. gambiae (Fig. 1B), where different res-
idues were substituted for His amino acid in different positions,
such that the resulting proteins contain ~20 mol% His e similar to
the observed concentration in the mussel proteins [12]. The YGAP
(Tyr-Gly-Ala-Pro) sequencewas intentionally not altered, because it
is highly conserved among all the known resilinproteins, suggesting
it has a crucial role in the material's function. The mutant proteins
were cloned using previously described recursive method for
doubling consensus sequence [24] and recombinantly expressed in
E. coli. Interestingly, although AnG_mut2 was expressed by the
bacteria, it presented a challenge during purification, whichmay be
due slight differences in the hydrophobicity plot of AnG_mut2
construct compared to AnG_WT. Therefore, most of the work was
focused on AnG_2His16,whose hydrophobicity characteristicswere
more similar to the AnG_WT (data not shown).

3.2. Protein purification and photochemical protein cross-linking

The AnG_WT reference protein was successfully purified
employing a protocol previously developed by Lyons and col-
leagues [24] (Fig. 2A). This protocol allows for purification of large
amounts of protein permitting sufficiently high concentrations
(above 100mg/ml) required for production of bulkmaterial [23]. As
previously reported, the purified protein did not run on the SDS-
PAGE gel according to expected AnG_WT molecular weight (MW)
(20 kDa), but rather migrated slower through the gel [24]. Unfor-
tunately, the above mentioned purification protocol was found to
be unsuitable for purification of the mutant protein AnG_2His16,
and an alternative procedure was thus developed. Firstly, PEI pre-
cipitation employed in the purification of AnG_WT resulted in
precipitation of the mutant and this step was omitted. Secondly,
heat resistance analysis showed that, unlike AnG_WT [31],
AnG_2His16 was not stable at temperatures above 60 �C (data not
shown). Nevertheless, slightly lower temperatures were high
enough to remove significant amount of contaminants. Thirdly, co-
purified contaminants were present in the final elutions following
the Ni-IMAC step. To improve purity, AnG_2His16 was purified
under denaturing conditions by adding 8 M urea, which was later
removed from the solution by extensive dialysis against citrate
buffer at pH 6.2 (Fig. 2B). As with AnG_WT, the mutant migrates on
SDS-PAGE above its expected molecular weight (Fig. 2B, arrow
head), but in this case, the apparent MW was more than 6-fold
larger than the expected MW, strongly suggesting that the
mutant canmultimerize, even in the presence of SDS. In spite of the
slower migration, amino acid analysis performed on the band
confirmed the expected protein composition (data not shown). The
maximal concentrations of AnG_2His16 obtained using this
method did not exceed 10 mg/ml; however, this was still sufficient
for efficient cross-linking into thin films.

Protein cross-linking of AnG_WT and AnG_2His16 via diTyr
formation was performed using a method originally developed by
Fancy and Kodadek [32] and later used by Elvin's group to cova-
lently cross-link not only resilin proteins, but also other proteins
that have Tyr residues in their sequence [23,33,34]. Briefly, the
method relies on the presence of light harvesting molecule (Ru(II)
bpy32þ) and an electron acceptor (ammoniumpersulfate) (Fig. 3A) to
catalyze formation of covalent diTyr crosslink when exposed to
white light (Fig. 3B). DiTyr bonds formed during the process emit
blue fluorescent light when illuminated with UV light (ex/em at



Fig. 3. Photochemical cross-linking of AnG_WT. (A) Illustration of the cross-linking
procedure. A drop containing the protein and the cross-linking agents (Ru(bpy)
Cl3)2þ and APS was deposited on glass slide and illuminated with white light (300
Watt). (B) Chemical scheme of di-tyrosine bond formation during the illumination. (C)
Cross-linked AnG_WT (50 mg/ml) under white light and UV-light. DiTyr bonds emit
blue fluorescent light under UV. (D) Raman spectra of AnG_WT protein before (no X-
link) and after (X-link) photo cross-linking. Marked are the most pronounced changes
observed.

Fig. 2. Protein gels of the purification steps for AnG_WT and AnG_2His16. (A)
AnG_WT: lane 1- pellet after sonication; lane 2 - lysate; lane 3 - pellet and lane 4 -
lysate following addition of 0.5% of PEI; lane 5 - supernatant and lane 6 - pellet
following ammonium sulfate precipitation; lane 7 - pellet and lane 8 - lysate after
incubation in 80 �C. The details of the procedure are described in Materials and
Methods section. (B) AnG_2His16: lane 1 - pellet and lane 2 - supernatant after son-
ication; lane 3 - pellet and lane 4 - lysate after incubation at 55 �C; lane 5 - fractions
containing the protein; lane 6 - purified AnG_2His16 after dialysis against acetate
buffer pH6.2. M indicates the MW marker and arrows depict the protein of interest.
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315 nm/409 nm), providing a superficial means of confirming
cross-link formation (Fig. 3C). Further analysis of the cross-linked
AnG_WT by Raman spectroscopy showed clear changes in several
vibrational peaks corresponding to tyrosine (Fig. 3D). The peak at
1614 cm�1 observed in the uncross-linked state was previously
assigned to Tyr in recombinant resilin [22], and was observed here
to shift to 1607 cm�1 following photo-induced cross-linking. In
addition, a similar shift in the peak at 1044 cm�1 was observed, as
well as a significant decrease in the intensities of several peaks
(985 cm�1 and 1205 cm�1), all of which correspond to skeletal vi-
brations of the tyrosine residues [35]. The most prominent loss of
intensity was observed in the characteristic Tyr doublet found in
the Raman spectrum at 850 and 830 cm�1. These bands are a result
of the Fermi resonance between the benzene ring breathing mode
and the overtone of an out-of-plane ring bending vibration of the
para-substituted benzenes [36]. The observed changes in the
spectrum of the cross-linked AnG_WT clearly indicate a change in
the state of Tyr residues in the biopolymer e likely arising from the
photo-induced formation of diTyr.

SDS-PAGE gels comparing cross-linking efficiency of AnG_WT
and AnG_2His16 are displayed in Fig. 4. The reactionwas performed
with 2 mg/ml solutions of the respective proteins in an eppendorf
tube and was stopped by addition of SDS sample buffer. Efficient
cross-linking was completely dependent on the presence of all
three cross-linking agents (APS, Ru(II)32þ, light). In both AnG_WT
and AnG_2His16, no cross-linking was observed when one of these
components was omitted from the experiment. Notably, a distinct
higher molecular weight aggregate (above 200 kDa) was observed
in the presence of Ru prior to photo-induction in AnG_2His16, but
not with AnG_WT, suggesting the possibility of HiseRu bond for-
mation in the mutant. This is not entirely unexpected considering
that Ru is known to form highly stable complexes with His residues
[37]. The formation of high MW photocross-linking products was
dependent on the light exposure time for both proteins. In contrast
to AnG_WT, cross-linking products with intermediate MW were
not readily observed during AnG_2His16 cross-linking. In fact, even
after just 2 s illumination with white light 300 W lamp, the protein
was no longer entering the gels, but rather remained almost
entirely in the well (Fig. 4B, black arrow head). It is worth
mentioning that the samples were boiled prior to application onto
the gel, indicating that the aggregates are quite stable and can resist
SDS and temperature denaturation.
3.3. Mechanical behavior of cross-linked films

Successful purification and cross-linking of the mutant proteins
using the photochemical cross-linking method enabled analysis of
the mechanical properties with AFM-based indentation, as previ-
ously reported for other recombinant resilin biopolymers [23,38].
Thin films of the respective cross-linked proteins were formed on a
glass-surface (Fig. 3A) and were immersed in PBS buffer prior to



Fig. 4. Protein gels of in vitro cross-linked AnG_WT (A) and AnG_2His16 (B). Each protein solution containing either all of the cross-linking agents or missing one component (-
Ru þ or e APS or e illumination (illu)) was illuminated for various time lengths and then the resulting products were analyzed on gel. Black arrows indicate high MW protein cross-
linking products; red arrow indicates a higher MW product only observed in Ru(II)bpy32þ-containg mixtures without covalent cross-linking. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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mechanical testing, which was performed by applying constant
force of 10 nN (Fig. 5A). The extracted indentation moduli values
include certain assumptions made concerning the tip-sample
interaction [30]; however, considering that all samples were
tested in an identical fashion, the relative changes in the indenta-
tion moduli provide a valid comparison of stiffness. The measured
indentation modulus of AnG_WTwas comparable to the previously
reported values, averaging ~10 kPa (Fig. 5B) [23,29]. Unexpectedly,
the results obtained for AnG_2His16 were almost 30-fold higher at
~285 kPa (Fig. 5C). Given that only 20% of the sequence was altered
between AnG_WT and AnG_2His16, this result was verified several
times with different protein batches, always with similar results.
Possible reasons include His-mediated interactions with Ru,
increased efficiency of Tyr-based cross-linking or stiffening of the
polymer backbone by His inclusion. Whatever the reason for the
observed increase in modulus is, incubation of AnG_2His16 with an
excess of Zn2þ ions resulted in an additional nearly 3-fold increase
Fig. 5. AFM-based mechanical testing of cross-linked AnG_WT and AnG_2His16 with and wi
of indentation moduli for AnG_WT and AnG_2His16 with and without Zn2þ ions present. The
addition of Zn2þ, the mean value for AnG_WT (D) remained constant at ~10 kPa, while for
in the indentation modulus to ~740 kPa (Fig. 5E). Mechanical tests
of AnG_WT in the presence of metal ions showed no observable
change in modulus (~10 kPa), despite the presence of His6-tag on
the biopolymer (Fig. 5D). These findings strongly support the pro-
posed hypothesis that the presence of the His residues in the pro-
tein sequence can mediate the formation of metal-dependent
cross-links that tune mechanical properties.

3.4. Raman spectroscopy of cross-linked films

Raman spectra of cross-linked AnG_WTand AnG_2His16 appear
to be similar, suggesting that the resilin biopolymer is not per-
turbed excessively by the introduction of His residues (Fig. 6A).
Importantly, Tyr-related peaks are very similar between AnG_WT
and AnG_2His16, indicating that diTyr cross-linking was also suc-
cessful for the mutant. Nonetheless, there are some obvious dis-
tinctions between the spectra that are further highlighted and
thout Zn2þ. A) Typical force-displacement curve for hydrated AnG_WT. B-E) Histograms
mean value for AnG_WT (B) was ~9 kPa, while for AnG_2His16 (C) was ~285 kPa. Upon
AnG_2His16 (E) the mean was increased to ~740 kPa.



Fig. 6. Raman spectra of cross-linked WT and 2His16 resilin. A) Spectra of AnG_WT
resilin compared with AnG_2His16 with and without Zn added. B) Difference spectra
of AnG_2His16 Raman spectra with and without Zn as compared to the AnG_WT
spectrum. Prominent peaks are indicated.
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accentuated in the difference spectra (Fig. 6B), The most notable
differences between the spectra of cross-linked AnG_WT and
AnG_2His16 are peaks centered at 1570 cm�1 and 1266 cm�1, both
of which are consistent with the presence of deprotonated His
(Takeuchi 2003). Upon addition of Zn2þ to the cross-linked
AnG_2His16 (Fig. 6A and B), the appearance of a sharp peak in
the difference spectrum at 1602 cm�1 indicates the presence of
metal coordinated His [39]. Additionally, a clear peak at 1560 cm�1

and a shoulder at ~1283 cm-1 in the Raman spectrum of
AnG_2His16 þ Zn2þ indicate the presence of bridging His imida-
zolate side chains, which are bound to two metal ions per residue
[39]. The similarity of the amide I band in all three spectra indicates
that there is no significant change in secondary structure by the
addition of His residues regardless of whether metal ions are pre-
sent or not (i.e. the structure remains essentially disordered) [22].

The results of this study provide compelling evidence that bio-
engineering of His residues into the soft elastic protein network
of recombinant resilin can alter the mechanical performance,
resulting in an overall nearly 80-fold increase in stiffness in the
presence of metal ions. Raman spectroscopy suggests that this oc-
curs at least partially due to His-mediated protein-metal cross-links
with both mononuclear and binuclear coordination states (Fig. 6).
However, the 30-fold increase in modulus observed between
AnG_WT and AnG_2His16 cross-linked films before adding Zn2þ

ions was unexpected and deserves comment. In light of the current
results, three mechanisms seem plausible e 1. The mere presence
of His residues induces stiffening of the biopolymer network; 2. The
presence of His residues influences the diTyr cross-linking
efficiency during photo-polymerization; 3. Ru-His intermolecular
cross-links remain in the material after photochemical cross-
linking, contributing to mechanics. It is important to note that
these possibilities are not mutually exclusive and may all
contribute. Each potential mechanism is discussed individually
below.

The first possibility is that the unexpected increase in stiffness is
simply a result of the introduction of His residues into the resilin
sequence. In examining the variety of known resilin sequences
from different organisms, His residues are almost entirely excluded,
whereas almost all other residues, besides Cys, are represented to
some degree [21]. This may suggest that including His in the
consensus sequence has been avoided evolutionarily, perhaps for
the very reason that it alters the material properties even at low
composition. In nature, there are examples of His-rich biological
materials, including the sucker rings of jumbo squids (Dosidicus
gigas) that exhibit stiff mechanical behavior (E ¼ 6e8 GPa) in the
absence of metal ions or any covalent cross-links [40]. While the
exact contribution of His in this material is unknown, the His-rich
proteins comprising the sucker rings were found to form silk-like
arrangements of beta-crystallites stabilized in the absence of a
covalent cross-linking network. Likewise, the high modulus
(~3 GPa) of Nereis worm jaws following metal ion depletion by
EDTA treatment [41] was also attributed to specific protein struc-
ture and hierarchical organization of the His-rich protein building
blocks [42]. In these two systems, it has not been possible to
differentiate the contribution of His vis-�a-vis secondary structure to
the observed mechanical behavior in the absence of metal ions. In
the present study, Raman spectra of AnG_2His16 do not indicate
the presence of any well-defined secondary structure (e.g. b-sheet
and a-helix); however, it is conceivable that a simple change in
sequence might result in the observed increase in stiffness of the
polymer chains.

It is also plausible that the presence of His residues in
AnG_2His16 increases the efficiency of diTyr formation during the
photopolymerization process, resulting in an increase of stiffness.
Previously, it was reported that 20% of all Tyr residues present in
the YGAP conserved sequence would form di-Tyr bonds, while in
the natural material it can be as high as 25% [23]. Increased cross-
linking efficiency could occur if the biopolymers were initially
linked via His-Rumetal coordination (as suggested by the highMW
band in Fig. 4B) bringing more Tyr residues into proximity during
the photochemical reaction. This effect was previously demon-
strated to be an effective means of increasing cross-link efficiency
in His-containing model peptides [43]. The Raman spectroscopy of
cross-linked AnG_WT and AnG_2His16, however, appear similar in
regards to the intensity of the Tyr peaks suggesting that the cross-
linking efficiency may be similar.

Another possible mechanism for the observed stiffening of
AnG_2His16 vis-�a-vis AnG_WT is the formation of intermolecular
His-Ru2þ metal coordination bonds. As already mentioned, this
hypothesis is supported by the observation of a distinct higher MW
multimer (>200 kDa) in SDS-PAGE gels in the reaction mixtures
with Ru prior to photo-polymerization, but not in the absence of Ru
(Fig. 4B). While the biopolymeric films were washed extensively
with EDTA prior to mechanical testing in order to deplete them of
any residual metals, His-Ru complexes are known to be excep-
tionally stable [37,44] and possibly resistant to this treatment. The
presence of Raman peaks indicating binuclear metal binding sites
bridged by a single His residue upon addition of Zn2þ ions offers
further support for the presence of His-Ru bonds in AnG_2His16
films (Fig. 6). Due to the very high pKa of the pyrrole hydrogen of
the His imidazole side group (~14.2), binuclear metal sites bridged
by His are only rarely observed in nature such as in the case of
superoxide dismutase and ab amyloid fibers [45,46]. Under
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physiological conditions this proton should not ionize; however,
this is possible if local conditions lead to a lowering of the pKa.
Notably, previous studies on imidazole (the side chain of His) have
demonstrated a reduction of the pKa of the imidazole pyrrole
hydrogen bymore than 5 units from 14.2 to 8.9 when the imidazole
group is bound to Ru [47], bringing it within a range relevant to the
current study. It is, therefore, highly plausible that the Ru used in
the photopolymerization process remains bound to His following
cross-linking, and that when an excess of Zn is added, the pyrrole
hydrogen of the imidazole side group is removed, leading to
additional coordination of Zn by His residues. Creation of metal
coordination bridges effectively increases the number of cross-links
in the network, possibly providing the further 3-fold increase of the
stiffness. If confirmed, the use of Ru to lower the pKa could provide
a novel mechanism for tuning mechanical behavior of His-based
metallopolymers.

All three mechanisms discussed could potentially contribute to
the 30-fold increase in modulus observed before Zn is added.
However, based on the evidence of Ru interactionwith His residues
during and after cross-linking, the latter two mechanisms seem
most probable. One possible means of determining if the increased
stiffness in 2His16 is Ru-dependent would be to perform cross-
linking of films by another means that does not include metal
ions. For example, previous studies have demonstrated that it is
also possible to cross-link recombinant resilin (and other Tyr con-
taining proteins) with the enzyme tyrosinase [48]. While it was
possible to cross-link recombinant resilin with tyrosinase, photo-
polymerization with Ru was found to yield more consistent results,
making it the preferred method in the field [23]. Future work will
focus on optimizing protein yield and alternative cross-linking
strategies in order to further explore the effect of single amino
acid substitutions on mechanical properties of recombinant resilin.
4. Conclusions

Regardless of the exact mechanisms leading to the observed
mechanical properties of the His-rich biopolymer, these results
demonstrate the strong potential for bio-engineering load-bearing
metal-binding sites into biopolymers for the purpose of altering
material performance. The His residues engineered into the resilin
consensus sequence in the present study were shown to increase
mechanical stiffness by up to 80-fold, which is at least partially due
to the introduction of His-metal cross-links. While the present
study highlights the potential for increasing modulus via His-
introduction, future studies will focus on investigating their
possible mechanical contribution to viscoelastic properties and
self-healing behavior. For example, if these load-bearing bonds are
ruptured during stretching, then there is strong reason to believe
that they will reform upon recoil of the elastic resilin network e

possibly leading to mechanical recovery. The potential for His-
metal cross links to function as mechanically reversible bonds is
supported by previous works on synthetic polymers in which
hydrogels have been created with sacrificial metal-coordination
bonds embedded in a covalent network [17,49]. As opposed to
synthetic polymers, however, biopolymer properties and their
derived materials depend not only on cross-link type and density,
but also on the sequence of the protein or peptide usede providing
the possibility for precise alteration of functional groups, which can
have large effects across multiple length scales.
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