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A His-rich domain of preCollagen-D found in byssal threads is
derivatized with Cys and Dopa flanks to allow for mussel-inspired
polymerization. Artificial mussel glue proteins are accessed that
combine cysteinyldopa for adhesion with sequences for pH or Zn?*
induced p-sheet formation. The artificial constructs show strong
adsorption to Al,O3, the resulting coatings tolerate hypersaline
conditions and cohesion is improved by activating the p-sheet
formation, that enhances E-modulus up to 60%.

Since decades the adhesion apparatus of marine mussels and
related biochemical processes provide a source of inspiration,
challenges and nanotechnology solutions across diverse
disciplines.'” The bioadhesion process employs a mould deposi-
tion of a set of purpose adapted mussel foot proteins (mfps).>*°
In those mfps, the 1-3,4-dihydroxyphenylalanine (Dopa) residues
present catechol moieties that are considered to be key for
adhesion'”'" and cohesion.’*** This made Dopa and synthetic
catechol analogues to constitute the basis of a rich family of
mussel-inspired polymers.'>*®

Awareness is rising, that in mfps the adsorption properties
of Dopa are strongly modulated by neighbouring residues.
Thus, not only Dopa, but also the Dopa sequence environment
is essential to constitute the complexity of the bioadhesion
functions.""?

Abstracting these underlying concepts advent mussel-inspired
polymers beyond Dopa-bearing instant adhesives. Such adhesives
promise complex functions, which reach from enzymatically
activated adhesion, to structurally defined adhesive sites, material
specific adhesives, self-healing properties or activatable cohesion
control mechanisms."®*?” Zhong and co-workers demonstrated on
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Implementing Zn?* ion and pH-value control
into artificial mussel glue proteins by abstracting
a His-rich domain from preCollageny

a
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a protein level the possibilities by fusing the mfp3&5 that constitute
the adhesive interface in the mussel glue apparatus with Amyloid
AB, recognized for P-sheet formation.”® Mimicking functional
aspects of these complex fusion proteins with artificial mussel glue
proteins of reduced complexity would bridge the gap between
cost-intensive proteins and synthetic Dopa-bearing polymers.*
Recently, a tyrosinase activated polymerization of mfp1 consensus
decapeptide derivative was reported to broaden sequence com-
plexity in mussel-glue inspired polymers.””*° The sequence
derivative contained Cys and Tyr residues, where Tyr could be
enzymatically oxidized with 4bPPO4 tyrosinase.’’ This yields
Dopa-quinones to which thiols of the Cys residues add by
Michael-addition leading to cysteinyldopa connectivities in each
repeat unit. To implement pH activatable cohesion control
mechanisms, B-sheet forming [VT], depsi-peptides with Tyr
and Cys flanks were polymerized in a tyrosinase activated
manner.”” The resulting artificial mussel glue proteins show fast
and strong adsorption onto different surfaces with notable
adhesion energies and proved to be resistant against hypersaline
solutions of 4.2 M NaCl as found in the water of the Dead Sea.
A pH triggered increase of the E-modulus was found as a result of
activating internal B-sheet formation. Besides the enzyme
induced polymerization strategy, a chemical activation route
improves ease of accessibility, decouples the sequence from
meeting tyrosinase substrate constrains and even enables the
use of commodity monomer plattforms.*>?*

While the adhesive plug of mussels with its remarkable
adhesive interface is frequently in the focus of mussel-inspired
glues, the byssus thread also exhibits exceptional material pro-
perties such as self-healing coatings, high-toughness fibres, and
modulus matching.**” These properties are linked to rapid self-
assembly of protein building blocks into gradient architectures
and the collagenous protein derivative preCol is one of the
proteins that constitute the core of the byssal threads.” Harrington
et al. investigated the role of the His-rich preCols to coordinate
metal ions for inducing secondary structure transitions and
constituting dynamic bonds for self-healing properties.*®

This journal is © The Royal Society of Chemistry 2021
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Here we expand a histidine-rich-domain (HRD) from the
preCol-D protein of the mussel byssus thread®® with Dopa and
Cys residues to enable the mussel-inspired polymerization via
the straightforward chemically activated route. The resulting
artificial mussel glue proteins combine cysteinyldopa connec-
tivities as Dopa derivatives at each repeat unit to mediate
adsorption with a switchable B-sheet domain that can be
triggered by either pH 4 — 7 or Zn”* ions for cohesion control.

The sequence AVAHAHAHAHASAGANGRARAHARA (HRD)
used in this study, originates from the N-terminal domain of
preCol-D, a protein that is found in the distal region of byssal
threads in the Mytilus species.’® The exact sequence section
and length relate to a repetitive [HA], motif, which was inves-
tigated previously.*® Harrington et al. proved the pH sensitivity
and capability to coordinate metal ions e.g. Zn** or Cu®>". Both
pH changes or the presence of certain ions induced in HRD a
structural transition from statistical chain segment conformation
to B-sheets, suggesting that HRD might play a role in the self-
assembly process of the hierarchical structure in byssal threads.*®

To polymerize the HRD and obtain an artificial mussel glue
protein that might resemble preCol-D in aspects of triggered
secondary structure formation, the HRD was extended
N-terminally with Dopa (Y*) and C-terminally with Cys via a
GG-spacer. The resulting Y*AVAHAHAHAHASAGANGRARAHARAGGC
(Y*-HRD-C) was synthesized by solid-phase peptide synthesis,
employing Fmoc-Dopa(acetonide)-OH as building block. After
liberating Y*-HRD-C from the support, MALDI-TOF mass spectro-
metry confirmed the molecular structure (ESL} Section S4).

Y*-HRD-C is readily soluble in water or buffer in a pH
window of 3-8 and chemical activation is feasible by oxidizing
the Dopa residues to the corresponding Dopa-quinones (Fig. 1).
By following the optimized conditions as described previously
for the polymerization of a set of minimal Y*KC motifs,*?
1.5 equiv. of NalO, lead to the formation of poly(Y*-HRD-C)
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Fig. 1 Illustration of the chemically activated mussel-inspired polymeri-
zation. Abstraction of the functional HRD peptide from preCol proteins
and implementing of Dopa and Cys flanks for polymerization (i). Chemical
activation with NalOy (i) leads to polymerization (iii) of the HRD-peptide-based
unimer to form the artificial mussel foot protein.
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under aqueous conditions. Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) analysis confirmed the polymer
formation within 1 h by showing a broad polymer band in the
apparent molecular weight range of 15-25 kDa (ESIL,T Fig. S3).
Consistent with the recently described chemically activated poly-
merization of tripeptides,*” the polymer formation was fast under
the given conditions (room temperature, pH 7) and polymer
growth was completed within the first hour as afterwards no
significantly changes could be found in the SDS-PAGE (ESLt
Fig. S3). The polymerization proceeds efficiently in the pH window
of 5.5-7.0, reaching the highest molecular weights at pH 7 (ESL ¥
Fig. S3). Below pH 5.5 and above pH 7 the polymer formation was
more limited. This was expected, as under acidic conditions the
protonation equilibrium shifts thiols toward reduced nucleophili-
city and basic environment induces f-sheet formation that
leads to aggregation of the HRD peptides.*” The isolated
poly(Y*-HRD-C) was analysed by gel permeation chromatogra-
phy (GPC), confirming the formation of soluble polymers with
M, app = 23700 Da and D = 1.4 (ESL Fig. S4). MALDI-TOF-MS
shows multimers up to tetramers and confirmed the expected
repeat unit mass (ESL,1 Fig. S5). "H-NMR provided evidence for
the formation poly(Y*-HRD-C), but resonances of cysteinyldopa
superimpose with His side chains (ESI,¥ Fig. S6). Recent
in-depth studies on the mussel-inspired polymerization of several
different peptide sequences, provided clear analytical evidence for
the formation of cysteinyldopa linkages and excluded alternative
reaction pathways via didopa or lysinyldopa.””***> Considering
this, it appears to be valid to assume that Y*-HRD-C polymerizes
via the cysteinyldopa pathway, too.

The sequence of the poly(Y*-HRD-C) meets largely the
hydrophobic-hydrophilic repeat pattern®' and matches well
the B-strand periodicity.*> Moreover, with pK, = 6.8 of side
chain for His a pH dependent B-sheet formation was described
for HRD** and might be anticipated for the polymeric construct
as well. Infrared spectroscopy (IR) suggested the presence of
B-sheet secondary structures for both unimer and poly(Y*-HRD-C)
in the dry state. The IR spectra of the peptide and the polymer
exhibit vibration bands in the amide I region at 1623 cm™ " and
1646 cm ™" which can be assigned to B-strands (Fig. S7, ESI{).**

By circular dichroism (CD) spectroscopy, secondary structures
in solution at different pH-values were investigated. Where the
Y*-HRD-C unimer adopts at pH 4-7 a statistical chain segment
conformation, the poly(Y*-HRD-C) shows a pH triggered transi-
tion in secondary structure (Fig. 2 and ESI,f Fig. S8). The CD
spectrum of the polymer exhibits at pH 4.0 cotton effects at
(—)190 nm, indicating random coils. However, shifting the pH to
7.0 makes cotton effects at (—)223 nm evident, which are typical
for B-sheets. It should be noted, that those CD spectra still
indicate partial random coil structures. This was expected, as
the cysteinyldopa linkages act as structural defects that cause
intrinsically unstructured regions, which cannot integrate into
B-sheets (Fig. 2). The pH responsive transition in secondary
structure from random coil to B-sheet can be rationalized by
the histidine rich face of the alternating sequence. The imidazole
side chains of His residues are protonated at pH 4, improving
solubility and preventing the peptide from adopting an all-trans
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Fig. 2 Triggering of B-sheet formation in poly(Y*-HRD-C) by pH changes
or the addition of metal ions. CD spectra of polymer solutions at different
pH and different metal ions (His/M?* = 1:0.33) (a) and increase of the His/
Zn?*ratio (b). AFM micrographs of poly(Y*-HRD-C) prior (c, pH 4) and after
switching (d, pH7) revealing the formation B-sheet fibrils.

conformation due to Coulomb repulsion. At pH 7 the His
residues are mostly not protonated, enabling the segment to
stretch out into an all-trans B-strand. Apparently, the conforma-
tional flexibility of the non-polymerized Y*-HRD-C peptide is not
sufficiently reduced in solution to permit a structural transition,
whereas the entropic penalty in the poly(Y*-HRD-C) is expected
to be lower to enable the secondary structure transition towards
a B-sheet.

Besides the pH responsiveness, the tendency of His residues
to coordinate with ions is of high interest as these can stabilize
a His rich face of B-sheets as well.***' To investigate these
effects, CD spectra of poly(Y*-HRD-C) solutions at pH 4 were
recorded both in absence and presence of Zn**, Cu®** or Fe** as
ions known to interact with imidazole ligands of the HRD. The
addition of metal ions in a ratio of His/M>* 1:0.33 leads only to
marginal shifts towards B-sheet structures (Fig. 2a). The effect
is most evident for Zn**, where B-sheet cotton effects appeared,
while the random coil fraction decreased with respect to the
poly(Y*-HRD-C) at pH 4 without metal ions (ESL} Fig. S10-S12
and Table S1). Taking into account, that both Cu®*" and Fe>*
induced B-sheets in the non-polymerized HRD domain,*® the
marginal effect on the secondary structure of the poly(Y*-HRD-C)
construct was unexpected. Considering the capability of Dopa
residues to complex with metal ions*® an interaction with
cysteinyldopa might be anticipated. These complexes could most
likely not contribute to B-sheet stabilization as the geometry
and orientation would not match structural requirements of the
B-sheet.

In contrast to Cu** and Fe**, Zn>" ions trigger coil to B-sheet
transitions and proved the interaction with the His-rich face of the
poly(Y*-HRD-C) construct to stabilize B-sheets. This, however, does
not exclude the occurrence of Zn**/cysteinyldopa complexes, which
apparently do not disturb the B-sheet structures. To evaluate this
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effect, the concentration of Zn>" was systematically increased from
1:0.33 to 1:3.3 to 1:33 (molar ratio His/Zn*). The higher the Zn>*
excess, the more pronounced are the B-sheet characteristic cotton
effects at (—)223 nm. At 3.3 equiv. Zn>" a similar band intensity at
(—)223 nm was reached as in the salt free poly(Y*-HRD-C) solution
at pH 7. Increasing the concentration of Zn>* further did not
increase the B-sheet band intensity at (—)223 nm, but decreased
the band at (—)190 nm and thus suggest the reduction of the
random coil structure fraction (Fig. 2b and ESI,i Table S1).
Nonetheless, the presence of Zn>" or pH 7 proved to be
suitable conditions to stabilize B-sheet structures in the
poly(Y*-HRD-C) and both can act as sufficient triggers for
secondary structure transitions. Moreover, it is noteworthy that
the poly(Y*-HRD-C) at pH 7 adapts already a well expressed
B-sheet, which in the presence of metal ions like Zn** could not
be dramatically improved. Despite the polymeric character of
poly(Y*-HRD-C), AFM micrographs confirmed the presence of
distinct fibrillar aggregates at pH 7.0. Probably, those objects
are formed via self-assembly processes of HRD-domains,
folding the segmented poly(Y*-HRD-C) constructs into defined
fibrils. Those appear to be rather persistent, reaching micro-
metres in length, exhibit heights of about 5 &+ 0.5 nm and non-
tip corrected full widths at half maximum (FWFM) of 170 +
15 nm (Fig. 2d). Apparently, the height dimensions meet well
that of B-sheet fibrils.*® The anisometric cross section probably
reflects the packing constraints, which result from the segmented
polymer chain, where B-sheet domains are disrupted by cysteinyl-
dopa structure defects. This agrees well with previous studies on
HRD-based peptides, describing the formation of hierarchical
B-sheets organized across multiple length scales at neutral
conditions.*® In control solutions of poly(Y*-HRD-C) at pH 4.0
no fibrils were found by AFM, which confirmed the CD results
(Fig. 2c and ESL} Fig. S13). Fibril visualization of Zn** ion
stabilized poly(Y*-HRD-C) at pH 4.0 was difficult due to an
increased salt load that interferes with the AFM imaging.
Besides the internal B-sheet organization that will domi-
nantly modulate the cohesive properties, the polymerization
process generates cysteinyldopa linkages at each repeat unit,
which promise surface binding capabilities. A quartz crystal
microbalance (QCM) with aluminium oxide coated sensors was
used to gain insights into the adsorption behaviour and coating
stability of poly(Y*-HRD-C). The QCM experiments show the
adsorption of poly(Y*-HRD-C) from pH 4.0 solutions, to rapidly
reach an equilibrium at frequency shifts of Af= 6 Hz. According
to the Voight model this corresponds to mass deposition of
about 1.1 g m™> (Fig. 3a).”” The low mass deposition was
expected as the polymer repeat sequence exhibits a net charge
of +8 at pH 4, which results in strong Coulomb repulsion.
Moreover, taking CD analysis into account, the polymer adopts
a statistical coil, making -sheet assisted stabilization of the
coating unlikely. The coating properties of poly(Y*-HRD-C)
change dramatically at pH 7 (Fig. 3a). QCM revealed rapid
adsorption with multilayer formation that prevents reaching an
equilibrium as it was often observed for protein deposition.*®
Interestingly, the adsorption isotherm suggests two distinct
processes that probably correspond to mono- and multilayer

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Coating behaviour and thick film mechanics of poly(Y*-HRD-C).
Top: QCM adsorption isotherms of poly(Y*-HRD-C) on Alb,Os coated
sensors (incubation step and subsequent buffer rinsing (a)) and stability
tests of the coatings (b) by washing with 599 mM NacCl (I) and 4.2 M
hypersaline solution (Il)). Bottom: Mechanical properties obtained from
depth-sensing nanoindentation studies (Depth profiling cyclic load func-
tion (c) and extracted mechanical responses at different pH (d)).

formation. While the first gives highly rapid mass deposition to
reach Af ~ —6 Hz, the second proceeds more slowly and
reaches a frequency shift of Af = —30 Hz after eg 4 h,
corresponding to mass deposition of about 5.3 g m % CD
spectroscopy suggested under these conditions the partial
formation of B-sheets, that might improve cohesion in the
coatings and contribute to multilayer formation. Moreover, at
PH 7 the net charge of the poly(Y*-HRD-C) repeats drops to +4
and Coulomb repulsion is of less relevance as driving force to
prevent multilayer deposition.

The poly(Y*-HRD-C) coatings tolerate rinsing steps with
buffer and irrespectively of the pH 7 or 4, a slight swelling
was found indicating that the coatings accommodate more
buffer (Fig. 3a). This effect was not expected, but it is not
uncommon for cysteinyldopa presenting polymers.*® The
mechanism at the molecular level requires further investiga-
tion, but apparently the deposition is fast and leads to kineti-
cally controlled coatings, where the network structure can
equilibrate under buffer conditions. The effect is most obvious
for the coating, deposited at pH 7. A significant change in
viscoelasticity of the coating was evident in the dissipation
channels of QCM-D analysis that shows a strong splitting
during buffer rinsing (ESL T Fig. S14a).

As anticipated, the adsorption of poly(Y*-HRD-C) at pH 4
profits from the presence of Zn>* due to B-sheet stabilization.
The adsorption of poly(Y*-HRD-C) with 1:3.3 molar ratio
His/Zn>" proceeds already similarly to that at pH 7.0 without
salt, both reaching Af about —31 Hz after 4 h (Fig. 3a). However,
the metal assisted deposition proceeds slightly faster, but the

This journal is © The Royal Society of Chemistry 2021
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coating was more sensitive against rinsing. Probably due to Zn>*
wash-off from polymer-Zn** complexes the buffer wash leads to
—23% mass loss and results in stable coating with 4.4 g m 2.

All coatings proved notable adhesion and robust stability by
withstanding rinsing steps of harsh sea water model solutions and
even hypersaline conditions as present in water of the Dead Sea
(Fig. 3b). Most impressively the Zn>" stabilized poly(Y*-HRD-C)
coating, which is supposed to be most sensitive, shows a mass loss
of only 5%, while the coating deposited at pH 7 has 9% mass loss
during the hypersaline rinsing step (ESLt Table S2).

As B-sheet structures are bridging multimer assemblies, a
significant effect on mechanical bulk properties can be expected,
depending on secondary structure in the poly(Y*-HRD-C). The
elastic-inelastic response was characterized on thicker films
casted from poly(Y*-HRD-C) at pH 7, pH 4 and pH 4 with Zn**
(1:3.3 His/Zn*") using depth-sensing nanoindentation (Fig. 3c
and d). A change of pH from 4 — 7 induces B-sheet formation
and increases the elastic (E) modulus from Epy, = 6.7 £ 1.3 GPa
to Epy; = 9.6 + 1.7 GPa. Interestingly, the Zn>" stabilized poly-
(Y*-HRD-C) at pH 4 reached Ep447n2- = 10.8 % 2.1 GPa. This might
be rationalized by the fact, that metal ions not only contribute to
stabilization of B-sheet structures, but also lead to interactions
between B-sheet-tapes to generate further net-point contacts that
influence the elastic responses of the polymer bulk.

It should be noted, that the poly(Y*-HRD-C) construct contains
His and cysteinyldopa units, exhibiting imidazole and catechol
functionalities, respectively. These enable two different types of
metal ion complexations and provide two modes of crosslinking.
Zn*" has a strong preference to imidazole ligands of His residues
and is found e.g. in protein structure motifs of the zinc finger.*
While a Zn®>" complexation to the catechol sites cannot be
excluded, the metal induced B-sheet formation seems to be highly
relevant to modulate the internal material mechanics. In contrast
to the bridging interaction in a Zn**/catechol complex, the B-sheet-
fold multiplies the number of interactions between the poly-
(Y*-HRD-C) chains as several H-bonds and hydrophobic/entropic
stabilizations get feasible between extended B-strands as well as
between f-sheet tapes.

According to the Oliver-Pharr method the contact stiffness
(S) directly correlates to the calculated elastic modulus (Fig. 3c).
Hardness (H), which refers to the inelastic response of
the materials, was not affected giving similar values of
H(pu7—pHarzn2+—pua) = 0.6 £ 0.1 GPa for all scenarios (Fig. 3d).
Such differentiated behaviour in elastic response suggests that
triggered formation of B-sheets promotes the resistance of the
bulk adhesive particularly in presence of Zn®" to cope with
reversible/elastic deformations, indicating improved cohesion.
With these mechanic properties, the peptide-based adhesive
materials are promising as they reach the upper regime of
common commodity polymers.>*

In conclusion, a peptide originating from the histidine-rich
domain (HRD) of a mussel byssus protein (preCollagen-D) was
derivatized by Dopa and Cys flanks (Y*-HRD-C) to enable a
chemically activated mussel-inspired polymerization. This
yielded an artificial mussel glue protein (poly(Y*-HRD-C)),
presenting adhesive cysteinyldopa connectivities in each repeat

Soft Matter, 2021, 17, 2028—2033 | 2031
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unit. IR, CD and AFM confirmed the formation of B-sheets by
moderate pH changes from 4 — 7 or by the addition of Zn** at
pH 4. The activation of this cohesion mechanism results in
strong adsorption onto Al,O; and the resulting coatings tolerate
washing with 4.2 M hypersaline solutions. Nanoindentation
evidenced an E-modulus of up to 10.8 GPa and hardness of
0.6 GPa. These artificial mussel glue proteins advent a versatile
material platform that bridges the gap between mussel-glue
inspired polymers and mussel foot proteins by realizing more
complex functions.
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